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Introduction

The aim of this course book is to present the theoretical fundamentals of numerical modeling
issues accomplished within ,,Flows Modeling in Automotive Engineering” course. The
course book follows the course chronology, therefore it was divided into five chapters of
which:

- First chapter introduces fundamentals of modeling basing on mass conservation law,
energy conservation law, principle of conservation of momentum supplemented with a
turbulence models,

- Second chapter describes the possibilities of modeling issues related with vehicle
aerodynamics

- Third chapter describes modeling of an intake and exhaust systems of a piston
combustion engines,

- Fourth chapter introduces fundamentals of modeling with usage of dynamic mesh,
which are indispensable in terms of combustion process modeling within an piston
combustion engine,

- Fifth chapter presents the theoretical deliberation of fuel injection into the cylinders of
piston combustion engine,

- Sixth chapter describes the numerical modeling of an engine ignition system,

- Seventh chapter describes numerical models of combustion process within the piston
combustion engine.

1. Basis [13]

Following chapters describes the fundamentals of finite volume method on which the
software used in ,,Flows Modeling in Automotive Engineering” is based.

1.1. Continuity and Momentum Equations

For all flows, FLUENT solves conservation equations for mass and momentum. For flows
involving heat transfer or compressibility, an additional equation for energy conservation is
solved. For flows involving species mixing or reactions, a species conservation equation is
solved or, if the non-premixed combustion model is used, conservation equations for the
mixture fraction and its variance are solved. Additional transport equations are also solved
when the flow is turbulent.

In this section, the conservation equations for laminar flow (in an inertial (non-accelerating)
reference frame) are presented. The conservation equations relevant to heat transfer,
turbulence modeling, and species transport will be discussed in the chapters where those
models are described.

The Mass Conservation Equation

The equation for conservation of mass, or continuity equation, can be written as follows:

dp : - 1.1
3¢tV (o0) = Sm (L



Equation (1. 1) is the general form of the mass conservation equation and is valid for
incompressible as well as compressible flows. The source S , is the mass added to the
continuous phase from the dispersed second phase (e.g., due to vaporization of liquid
droplets) and any user-defined sources.

For 2D axisymmetric geometries, the continuity equation is given by

op

§+3_x(wx)+§{pvr)+7_sm .2

where x is the axial coordinate, r is the radial coordinate, v y is the axial velocity, and v . is the
radial velocity.

Momentum Conservation Equations

Conservation of momentum in an inertial (non-accelerating) reference frame is described by

(4]

(o9 + V(o5 = ~Vp + V- () + g + F .3

= _ 27—
where p is the static pressure, Tis the stress tensor (described below), and  and Fare the
gravitational body force and external body forces (e.g., that arise from interaction with the

dispersed phase), respectively. Falso contains other model-dependent source terms such as
porous-media and user-defined sources.

The stress tensor Tis given by

_ 2
T=pn [{Vﬁ‘+ vi'T)— gv-ar] 1. 4

H . . . . .
where  is the molecular viscosity, | is the unit tensor, and the second term on the right hand
side is the effect of volume dilation.



For 2D axisymmetric geometries, the axial and radial momentum conservation equations are
given by
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and v , is the swirl velocity.

Introduction for real flows

Turbulent flows are characterized by fluctuating velocity fields. These fluctuations mix
transported quantities such as momentum, energy, and species concentration, and cause the
transported quantities to fluctuate as well. Since these fluctuations can be of small scale and
high frequency, they are too computationally expensive to simulate directly in practical
engineering calculations. Instead, the instantaneous (exact) governing equations can be time-
averaged, ensemble-averaged, or otherwise manipulated to remove the small scales, resulting
in a modified set of equations that are computationally less expensive to solve. However, the



modified equations contain additional unknown variables, and turbulence models are needed
to determine these variables in terms of known guantities.

FLUENT provides the following choices of turbulence models:

e Spalart-Allmaras model
¢ k- €émodels
o Standard k- €model
o Renormalization-group (RNG) k- €model
o Realizable k- €model
e k- wmodels
o Standard k- wmodel
o Shear-stress transport (SST) k- twmodel
Reynolds stress model (RSM)
Large eddy simulation (LES) model

1.2. Choosing a Turbulence Model

It is an unfortunate fact that no single turbulence model is universally accepted as being
superior for all classes of problems. The choice of turbulence model will depend on
considerations such as the physics encompassed in the flow, the established practice for a
specific class of problem, the level of accuracy required, the available computational
resources, and the amount of time available for the simulation. To make the most appropriate
choice of model for your application, you need to understand the capabilities and limitations
of the various options.

The choice of turbulence model:

Spalart-Allmaras Model

The Standard, RNG, and Realizable k- € Models
The Standard k- € Model

The RNG k- € Model

The Standard and SST k- wModels

The Reynolds Stress

1.2.1. Transport Equation for the Spalart-Allmaras Model

The transported variable in the Spalart-Allmaras model, &, is identical to the turbulent
kinematic viscosity except in the near-wall (viscous-affected) region. The transport equation
for ©is

S07) + (i) =
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where is the production of turbulent viscosity and is the destruction of turbulent
viscosity that occurs in the near-wall region due to wall blocking and viscous damping.
Tp i
yand C 2 are constants and wis the molecular kinematic viscosity. is a user-defined
source term. Note that since the turbulence Kinetic energy kis not calculated in the Spalart-
Allmaras model, it is not taken into account when estimating the Reynolds stresses.

1.2.2. The Standard, RNG, and Realizable k- € Models

This section presents the standard, RNG, and realizable k- €models. All three models have
similar forms, with transport equations for k and €. The major differences in the models are
as follows:

o the method of calculating turbulent viscosity
o the turbulent Prandtl numbers governing the turbulent diffusion of k and &
« the generation and destruction terms in the €equation

The transport equations, methods of calculating turbulent viscosity, and model constants are
presented separately for each model. The features that are essentially common to all models
follow, including turbulent production, generation due to buoyancy, accounting for the effects
of compressibility, and modeling heat and mass transfer.

1.2.3. The Standard k- € Model

The standard k- eémodel [ 17] is a semi-empirical model based on model transport equations
for the turbulence kinetic energy ( k) and its dissipation rate ( €). The model transport
equation for k is derived from the exact equation, while the model transport equation for
€was obtained using physical reasoning and bears little resemblance to its mathematically
exact counterpart.

In the derivation of the k- €model, it was assumed that the flow is fully turbulent, and the
effects of molecular viscosity are negligible. The standard k- €model is therefore valid only
for fully turbulent flows.

1.2.4. Transport Equations for the Standard k- ¢ Model

The turbulence kinetic energy, k, and its rate of dissipation, €, are obtained from the
following transport equations:
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In these equations, G i represents the generation of turbulence kinetic energy due to the mean

velocity gradients. G y, is the generation of turbulence Kinetic energy due to buoyancy. Y wm

represents the contribution of the fluctuating dilatation in compressible turbulence to the
G]_c (}‘25 035 7

L k a
overall dissipation rate. , ,and are constants. and Eare the turbulent Prandtl

Se
numbers for k and €, respectively. S xand  are user-defined source terms.

Modeling the Turbulent Viscosity

Mt
The turbulent (or eddy) viscosity, , is computed by combining k and €as follows:

k2
=oC (1. 11)
M = ply .
Cu
where is a constant.
Model Constants
Cle, Cae, Cy, 0y, Te .

The model constants and  have the following default values [17]:

Cie =144, Coe =192, C, =009, ox = 1.0, 0. =13

These default values have been determined from experiments with air and water for
fundamental turbulent shear flows including homogeneous shear flows and decaying isotropic
grid turbulence. They have been found to work fairly well for a wide range of wall-bounded
and free shear flows.

10



1.2.5. The RNG k- ¢ Model

The RNG-based k- € turbulence model is derived from the instantaneous Navier-Stokes
equations, using a mathematical technique called ““renormalization group" (RNG) methods.
The analytical derivation results in a model with constants different from those in the standard
k- € model, and additional terms and functions in the transport equations for k and €. A more
comprehensive description of RNG theory and its application to turbulence can be found in

[6].
Transport Equations for the RNG k- € Model

The RNG k- € model has a similar form to the standard k- € model:

d a a ok
E(Pk) + a—m‘_(Pkuﬁ) = 2. (%ME) + G+ Gy — pe—Yu + S (1. 12)

J

and

0t " g P T gy \ Mt g,

€ e (1. 13)
CleE (Gk + CEEGb) - CQEPE —R.+ 5

In these equations, G i represents the generation of turbulence kinetic energy due to the mean
velocity gradients. G y, is the generation of turbulence kinetic energy due to buoyancy. Y wm
represents the contribution of the fluctuating dilatation in compressible turbulence to the

overall dissipation rate. The quantities ak and e are the inverse effective Prandtl numbers
for kand €, respectively. S  and 5 are user-defined source terms.

Modeling the Effective Viscosity

The scale elimination procedure in RNG theory results in a differential equation for turbulent

viscosity:

D (1. 14)

Pk D
(25 ) i 2 4
(Jep VE—1+0C,

11



where

v = Mot [ 1o

100

I3

Cv

Equation (1. 14) is integrated to obtain an accurate description of how the effective turbulent
transport varies with the effective Reynolds number (or eddy scale), allowing the model to
better handle low-Reynolds-number and near-wall flows .

In the high-Reynolds-number limit, Equation (1. 14) gives

kﬂ
e = pCp,? (1. 15)
with , derived using RNG theory. It is interesting to note that this value of

O

is very close to the empirically-determined value of 0.09 used in the standard k- € model.

RNG Swirl Modification

Turbulence, in general, is affected by rotation or swirl in the mean flow. The RNG model in
FLUENT provides an option to account for the effects of swirl or rotation by modifying the
turbulent viscosity appropriately. The modification takes the following functional form:

k
pt = peof (as,ﬂ, ;) (1. 16)

where is the value of turbulent viscosity calculated without the swirl modification using
either Equation (1. 14) or Equation (1. 15). £2is a characteristic swirl number evaluated

@
within FLUENT, and 8is a swirl constant that assumes different values depending on
whether the flow is swirl-dominated or only mildly swirling. This swirl modification always
takes effect for axisymmetric, swirling flows and three-dimensional flows when the RNG

«
model is selected. For mildly swirling flows (the default in FLUENT), "is set to 0.05 and

(4]
cannot be modified. For strongly swirling flows, however, a higher value of ¥ can be used.

12



Calculating the Inverse Effective Prandtl Numbers

(475 ¥,
The inverse effective Prandtl numbers,  and ¢ , are computed using the following formula
derived analytically by the RNG theory:

| a —1.3929 (06321 | o 1 9 3929 |0-36T9 _ Pl . 17)
ag — 1.3929 ag +2.3929  Jef

a = 1.0 , Pmal [pefr < 1
where In the high-Reynolds-number  limit ( ),

ap = a, ~ 1.393

R . .
The  Termin the eEquation

The main difference between the RNG and standard k- € models lies in the additional term in
the €equation given by

R,

— Cﬂms{l - ﬂf’h) i (1. 18)
L+8n3 &

n=_5Skle g =4.38 5 =0012

where

The effects of this term in the RNG €equation can be seen more clearly by rearranging
Equation (1. 13). Using Equation (1. 18), the third and fourth terms on the right-hand side of
Equation (1. 13) can be merged, and the resulting €equation can be rewritten as

9 a 0 Oe € , €
E(P‘-’) + B—m,("m‘t) = 3—% (ﬂemﬁaj) + CleE (G + C3Gp) — CQEPE (1. 19)

13



C#
where 2 is given by

C_t.'.pqa(l - '?/’}'0) (1. 20)

C3e = Cye + T B

L3
_ 7 <10 - - Cie

In regions where , the R term makes a positive contribution, and becomes larger than

Coe n =30 Cs, = 2.0

. In the logarithmic layer, for instance, it can be shown that , giving ,

Co

13
which is close in magnitude to the value of in the standard k- € model (1.92). As a result, for
weakly to moderately strained flows, the RNG model tends to give results largely comparable to the

standard k- €model.

. . 1> 1o . I
In regions of large strain rate ( ), however, the R term makes a negative contribution,
*

C
making the value of 2Eless than E. In comparison with the standard k- €model, the
smaller destruction of €augments €, reducing k and, eventually, the effective viscosity. As a
result, in rapidly strained flows, the RNG model yields a lower turbulent viscosity than the
standard k- € model.

Thus, the RNG model is more responsive to the effects of rapid strain and streamline

curvature than the standard k- €model, which explains the superior performance of the RNG
model for certain classes of flows.

Model Constants

Cy Ca
The model constants £and “in Equation (1. 13) have values derived analytically by the
RNG theory. These values, used by default, are

Cie = 142, Che = 168

1.2.6. The Realizable k- € Model

FLUENT also provides the so-called realizable k- €model [25]. The term ““realizable" means
that the model satisfies certain mathematical constraints on the normal stresses, consistent
with the physics of turbulent flows. To understand this, consider combining the Boussinesq
relationship and the eddy viscosity definition (Equation 1. 11) to obtain the following
expression for the normal Reynolds stress in an incompressible strained mean flow:

14



— 2 ou
P
W=k 2u— (1. 21)
3 Yoz
. . = w/p ) —
Using Equation (1. 11) for , one obtains the result that the normal stress, %=,

which by definition is a positive quantity, becomes negative, i.e., ~"non-realizable", when the
strain is large enough to satisfy

koUu _ 1
2 . 3. 1. 22
7z 30, ~ T (1. 22)

Similarly, it can also be shown that the Schwarz inequality for shear stresses
Tty < ujug

; no summation over «eand ) can be violated when the mean strain rate is

large. The most straightforward way to ensure the realizability (positivity of normal stresses

Cu
and Schwarz inequality for shear stresses) is to make variable by sensitizing it to the mean

C,
flow (mean deformation) and the turbulence ( k, €). The notion of variable H is suggested
by many modelers including Reynolds [ 24], and is well substantiated by experimental

C,
evidence. For example, # is found to be around 0.09 in the inertial sublayer of equilibrium
boundary layers, and 0.05 in a strong homogeneous shear flow.

Another weakness of the standard k- €model or other traditional k- € models lies with the
modeled equation for the dissipation rate ( €). The well-known round-jet anomaly (named
based on the finding that the spreading rate in planar jets is predicted reasonably well, but
prediction of the spreading rate for axisymmetric jets is unexpectedly poor) is considered to
be mainly due to the modeled dissipation equation.

The realizable k- €model proposed by Shih et al. [25] was intended to address these
deficiencies of traditional k- € models by adopting the following:

C,
e anew eddy-viscosity formula involving a variable # originally proposed by
Reynolds
« anew model equation for dissipation ( €) based on the dynamic equation of the mean-
square vorticity fluctuation

15



Transport Equations for the Realizable k- e Model

The modeled transport equations for k and €in the realizable k- € model are

%(pk) + %{pkuj) -9 [(,u-lr M) ﬁ] + Gy +Gp—pe —Yu + S (1.23)

dz; ok dx;
and
d ad 0 _ut) de
& € (1. 24)
Pcﬁm + Clegcsegb + Se
where
Ul
= 43, —1
01 max {U 3, n +5]
and

k
ﬂ—S;

In these equations, G  represents the generation of turbulence kinetic energy due to the mean
velocity gradients. G y, is the generation of turbulence kinetic energy due to buoyancy. Y
represents the contribution of the fluctuating dilatation in compressible turbulence to the

o Che Ok Oc
overall dissipation rate. C , and are constants. and are the turbulent Prandtl

Se
numbers for k and €, respectively. S xand  are user-defined source terms.

Note that the k equation (Equation 1. 23) is the same as that in the standard k- €model
(Equation 1. 9) and the RNG k- €model (Equation 1. 12), except for the model constants.
However, the form of the €equation is quite different from those in the standard and RNG-
based k- €models (Equations 1. 10 and 1. 13). One of the noteworthy features is that the
production term in the €equation (the second term on the right-hand side of Equation 1. 24)
does not involve the production of k; i.e., it does not contain the same G i term as the other k-
emodels. It is believed that the present form better represents the spectral energy transfer.
Another desirable feature is that the destruction term (the next to last term on the right-hand
side of Equation 1. 24) does not have any singularity; i.e., its denominator never vanishes,
even if k vanishes or becomes smaller than zero. This feature is contrasted with traditional k-
€models, which have a singularity due to k in the denominator.

16



This model has been extensively validated for a wide range of flows [ 15, 25], including
rotating homogeneous shear flows, free flows including jets and mixing layers, channel and
boundary layer flows, and separated flows. For all these cases, the performance of the model
has been found to be substantially better than that of the standard k- €model. Especially
noteworthy is the fact that the realizable k- € model resolves the round-jet anomaly; i.e., it
predicts the spreading rate for axisymmetric jets as well as that for planar jets.

Modeling the Turbulent Viscosity

As in other k- €models, the eddy viscosity is computed from

(1. 25)

K2
e =pCp?

The difference between the realizable k- €model and the standard and RNG k- €models is

Ca
that is no longer constant. It is computed from

C ! (1. 26)
A+ AR '
where
(1. 27)
and
Qij = ij — 2egipwp (1. 28)
ﬂij = ﬂ,_'j— €ijkg (1. 29)

ij
where is the mean rate-of-rotation tensor viewed in a rotating reference frame with the

W
angular velocity . The model constants A o and A ¢ are given by

17



Ay =404, A;=V6cosd

where
¢ = %ms_l(\/EW), W = 7Sij5§kski, 5= 5ijSij
1 Buj ou;
P R B} . 30
Sij 2 (32:,' * B:.-:J-) 30

Cu
It can be seen that is a function of the mean strain and rotation rates, the angular velocity

C,
of the system rotation, and the turbulence fields ( k and €). pin (Equation 1. 25) can be
shown to recover the standard value of 0.09 for an inertial sublayer in an equilibrium
boundary layer.

Model Constants

Tg a,
The model constants C ,, , and “ have been established to ensure that the model performs
well for certain canonical flows. The model constants are

Cie=144, Ch =19, ap =10, oc =12

1.2.7. The Standard and SST k- wModels

This section presents the standard and shear-stress transport (SST) k- wmodels. Both models
have similar forms, with transport equations for k and . The major ways in which the SST
model differs from the standard model are as follows:

o gradual change from the standard k- «wmodel in the inner region of the boundary layer
to a high-Reynolds-number version of the k- €model in the outer part of the boundary
layer

« modified turbulent viscosity formulation to account for the transport effects of the
principal turbulent shear stress

The transport equations, methods of calculating turbulent viscosity, and methods of
calculating model constants and other terms are presented separately for each model.

18



1.2.8. The Standard k- wModel

The standard k - «w model is an empirical model based on model transport equations for the
turbulence kinetic energy ( k) and the specific dissipation rate ( &), which can also be thought
of as the ratio of €to k [29].

As the k- w model has been modified over the years, production terms have been added to
both the k and w equations, which have improved the accuracy of the model for predicting
free shear flows.

Transport Equations for the Standard k- w Model

The turbulence kinetic energy, k, and the specific dissipation rate, w, are obtained from the
following transport equations:

a a a ok
E(ﬂk) + a—xi(pkm) = 3, (Pkﬂ?j) + G — Y + Sk (1.31)
and
a ad d dw
E{PM) + a—mi(Pwus) = 3, (Pwa?j) +Gu—Y,+ S, (1. 32)

In these equations, G  represents the generation of turbulence kinetic energy due to mean

r Tr

w k

velocity gradients. represents the generation of w. and t'Jrepresent the effective
Yo

diffusivity of k and w, respectively. Y y and represent the dissipation of k and wdue to

turbulence. All of the above terms are calculated as described below. S  and are user-
defined source terms.

Modeling the Effective Diffusivity

The effective diffusivities for the k- twmodel are given by

Ty = py (1. 33)
Tk

T, - pt (1. 34)
Ty
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a

k 7 .
where and - are the turbulent Prandtl numbers for k and w, respectively. The turbulent

M
viscosity, , is computed by combining k and was follows:

Low-Reynolds-Number Correction

(1.

35)

The coefficient a®damps the turbulent viscosity causing a low-Reynolds-number correction.

Itis given by
o ='a;o (05 +R)eif’Rk)
1 -I-R)BU"R)C
where
Re; = ﬁ
e
Rk = 6
a = B
3
B = 0072

Note that, in the high-Reynolds-number form of the k- & model,

Modeling the Turbulence Production

Production of k

36)

37)

. 38)

. 39)

. 40)

The term G  represents the production of turbulence kinetic energy. From the exact equation

for the transport of k, this term may be defined as

a,u.
Gk = —pu:u;; B—a:i

To evaluate G ¢ in a manner consistent with the Boussinesq hypothesis,
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Cr = e §° (1. 42)

where S is the modulus of the mean rate-of-strain tensor, defined in the same way as for the k-
€model.

Production of w
The production of wis given by
w
Gy =a—G (1. 43)
k
where G  is given by Equation 1.41.

The coefficient eis given by

a= 2= ("”"’-‘7‘F Rﬁ*fRW) (1. .44)
o \ 1+ Re/R,
where Rw: 2.95. a*and Re { are given by Equations 1. 36 and 1. 37, respectively.
Note that, in the high-Reynolds-number form of the k- wmodel, @=0e =1
Modeling the Turbulence Dissipation
Dissipation of k
The dissipation of k is given by
Yi =pf fp bw (1. 45)
where
1 Xk <0
fﬁ.z{ %% Ye >0 (1. 46)
where
Xk = %g—;% (1. 47)
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and

B* = B L+ C"F(My)]

g = g 4/15 + (Re¢/Rg)*
T\ 1+ (Rey/Ry)*

C" =15
Rﬁ =8
_ﬁ;o = 0.09

where Re ; is given by Equation 1. 37

Dissipation of w

The dissipation of wis given by

Yo=pp fﬁ "‘"2
where
f.B = 14+ Twa
1+ 80y
Xw = ﬂijﬂjkski|
(Bw)®
i =1 (0w du
2\ 0z; Ox;

The strain rate tensor, S j; . Also,

p =i [1- e rou)

B F(M)

and are defined by Equations 1. 49 and 1. 58, respectively.

22

. 48)

. 49)

.50)

. 51)

.52)

. 53)

. 54)

. 55)

. 56)

. 57)



Compressibility Correction

o O FPM)
The compressibility function, , Is given by

M;<M
F(M;) = 0 9 g P (1. 58)
M; — Mgy Mg > My
where
M; = 2k (1. 59)
a?
My = 0.25 (1.60)
a = m (1. 61)
* — g*
oo
Note that, in the high-Reynolds-number form of the k- & model, ! . In the incompressible
B =8
form, .

Model Constants

1
a% =1, am =052, ao=g, B =009, fi=0072, Rs=8

Ry =6, R,=295 ("=15 Myp=0.25, 0p =20, 0,=2.0
Wall Boundary Conditions

The wall boundary conditions for the k equation in the k- wmodels are treated in the same
way as the k equation is treated when enhanced wall treatments are used with the k- € models.
This means that all boundary conditions for wall-function meshes will correspond to the wall
function approach, while for the fine meshes, the appropriate low-Reynolds-number boundary
conditions will be applied.

In FLUENT the value of wat the wall is specified as
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p(u")2
m

The asymptotic value of w™ in the laminar sublayer is given by

w"'—mm(ww, 6 )

Bao(y™)?
where
50\? .+
(k+) Ry <%
+ . s
Wy, =

;“f kit > 25

where

k' = max (1.{], pk;u )

and Kk s is the roughness height.

In the logarithmic (or turbulent) region, the value of w™ is

Wt = L ditp

~ /P dyt

which leads to the value of win the wall cell as

(1.

(1.

(1.

Note that in the case of a wall cell being placed in the buffer region, FLUENT will blend

w™ between the logarithmic and laminar sublayer values.
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1.2.9. The Reynolds Stress Transport Equations

STl
puu,
The exact transport equations for the transport of the Reynolds stresses, , may be
written as follows:
d, 4+ d ——7
E(p i) + E(pukuiu;-) =
—— \ ;
Local Time Derivative (;; = Convection
O [ == ; ; 0 0 ——
L— dz [P U Uy +P(5kju,- +5¢uj)JJ + ?Tk [ﬂa{uﬂj)]‘
D i; = Turbulent Diffusion Dy i; = Molecular Diffusion
—— u;  —— Ou; N _
I ] o ot ol
—p (u‘-uk E Ul E) - p,ﬂ(g;uj3+gju‘-81

[ "l

Fj = Stress Production i = Buoyancy Production

o i 0
el T} — p—i 7
+ P (3$j + Ba:,- 'uaﬁk a..":k

—_— ~— ’
¢ij = Pressure Strain €;j = Dissipation

—2p80 (u;u{.ne,-km + ’;éu:nfjkm) + Suser

F,; = Production by System Rotation User-Defined Source Term

(1. 68)

Of the various terms in these exact equations, C jj, D |, jj, P ij, and F jj do not require any
¢ij f"

modeling. However, D 1, G jj, ,and " need to be modeled to close the equations. The

following sections describe the modeling assumptions required to close the equation set.

1.3. Solution Strategies for Turbulent Flow Simulations

Compared to laminar flows, simulations of turbulent flows are more challenging in many
ways. For the Reynolds-averaged approach, additional equations are solved for the turbulence

quantities. Since the equations for mean quantities and the turbulent quantities ( , k, €, w,
or the Reynolds stresses) are strongly coupled in a highly non-linear fashion, it takes more
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computational effort to obtain a converged turbulent solution than to obtain a converged
laminar solution. The LES model, while embodying a simpler, algebraic model for the
subgrid-scale viscosity, requires a transient solution on a very fine mesh.

The fidelity of the results for turbulent flows is largely determined by the turbulence model
being used. Here are some guidelines that can enhance the quality of your turbulent flow
simulations.

1.4. Mesh Generation

The following are suggestions to follow when generating the mesh for use in your turbulent
flow simulation:

Picture in your mind the flow under consideration using your physical intuition or any
data for a similar flow situation, and identify the main flow features expected in the
flow you want to model. Generate a mesh that can resolve the major features that you
expect.

If the flow is wall-bounded, and the wall is expected to significantly affect the flow,
take additional care when generating the mesh. You should avoid using a mesh that is
too fine (for the wall function approach).

1.5. Accuracy

The suggestions below are provided to help you obtain better accuracy in your results:

Use the turbulence model that is better suited for the salient features you expect to see
in the flow

Because the mean quantities have larger gradients in turbulent flows than in laminar
flows, it is recommended that you use high-order schemes for the convection terms.
This is especially true if you employ a triangular or tetrahedral mesh. Note that
excessive numerical diffusion adversely affects the solution accuracy, even with the
most elaborate turbulence model.

In some flow situations involving inlet boundaries, the flow downstream of the inlet is
dictated by the boundary conditions at the inlet. In such cases, you should exercise
care to make sure that reasonably realistic boundary values are specified.

1.6. Convergence

The suggestions below are provided to help you enhance convergence for turbulent flow
calculations:
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Starting with excessively crude initial guesses for mean and turbulence quantities may
cause the solution to diverge. A safe approach is to start your calculation using
conservative (small) under-relaxation parameters and (for the coupled solvers) a
conservative Courant number, and increase them gradually as the iterations proceed
and the solution begins to settle down.

It is also helpful for faster convergence to start with reasonable initial guesses for the k
and €(or k and w) fields. Particularly when the enhanced wall treatment is used, it is



important to start with a sufficiently developed turbulence field, to avoid the need for
an excessive number of iterations to develop the turbulence field.

e« When you are using the RNG k- €model, an approach that might help you achieve
better convergence is to obtain a solution with the standard k- €model before
switching to the RNG model. Due to the additional non-linearities in the RNG model,
lower under-relaxation factors and (for the coupled solvers) a lower Courant number
might also be necessary.

Note that when you use the enhanced wall treatment, you may sometimes find during the
calculation that the residual for €is reported to be zero. This happens when your flow is such
that Re y is less than 200 in the entire flow domain, and €is obtained from the algebraic
formula instead of from its transport equation.
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2. AERODYNAMICS

Simulation of flow around a vehicle is based on usage of basic function of software described
in chapter 1. The procedures of computational data entering consist on development of
geometry of the considered object, establishment of boundary conditions and the turbulences
models selection, etc.

This problem will be explained with aid of example of flow around a vehicle that corresponds
to the teaching materials of this course.

Introduction

The purpose of this tutorial is to compute the turbulent flow.
You will use the Spalart-Allmaras turbulence model.

In this tutorial you will learn how to:

e Model an incompressible flow.

»  Set boundary conditions for external aerodynamics.

e Use the Spalart-Allmaras turbulence model.

e Calculate a solution using the coupled implicit solver.

e Use force and surface monitors to check solution convergence.

Problem Description
The problem concerns the flow around a car with jet ski on a trailer. This car is moving with

velocity of: V1= 30 m/s; V,= 60 m/s V3= 90 m/s. The geometry of the car with jet ski on a
trailer is shown in Figures 2. 1.

Figure 2. 1. The passenger car with jet ski on a trailer

The modeling will be begun with entering the outline geometry of the vehicle into the
software processor. This procedure can be performed in accordance to following steps

I. Preparation

1. Copy the file Project 1.dbs from the automotive engineering documentation to your
working directory.

2. Start Gambit.
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3. Open the file Project 1.dbs

[ ]m |
B eI

= @EEEL
W @|B| o
= PE [T

Figure 2. 2. Gambit screes

Figure 2. 2. shows the window of Gambit software with option of new project selection.

3¢ GAMBIT  Solver: FLUENT 5/6 1ID: default_id1364
File Edit Solver

= | B -

Help Operation

j ]

Global Control

Active 1] Aol Haf
JELTEE
- L Transcript & J|| Description } EI g Eq g

Figure 2. 3. Geometry of the object

surrounding the vehicle

Figure 2. 3. shows the window of Gambit software in option of the margin establishment.
Once the margins are established, the planes shall be apply on the area representing air
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Step 1: Face

5 GAMEIT Sohver FLUENT 3% I defmun w84 oy ==~
[ [ - Operatn

sevve BRI G0 GH| |

= F ‘IM o ) E o =

F [ 3 FE Y

Figure 2. 4. View of the face

Figure 2. 4. shows the view of the surface in direct vicinity of the vehicle. The right side of
the figure exhibits window the ,,Create Face from Wireframe” which is used during this
operation.

R S PO U8 T e s =]

Gl @[] o] =
PR =11 Y

Figure 2. 5. Overall geometry of the model

Figure 2. 5. shows view of total computation surface selected so that the flow disturbance
occurring due to flow around the vehicle would not reach the boundaries of computation
surface.

Next we are reaching Step 2: Grid, in which the computation surface (area) shall be
discretized.

The discretization shall commence with attribute of the elements layout on the area margins,
and then discretization of those elements with tetrahedral mesh of Map type.
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Figure 2. 6. The grid

Figure 2. 6. shows the discretized area of computation model with applied boundary
conditions, i.e. inlet, outlet on the left and right side of the model

Since the geometry as well as the discretization of the computation area was performed in pre-
processor, which is separate software, it is necessary to transfer the prepared area as a .msh
file which is recognizable for “solver Fluent”. The import procedure should be performed in
following steps

Step 3: Import the grid into the solver

1. Start the 2D version of FLUENT.

2. Read the grid file Project 1.msh.

3. Check the grid.

4. Scale the grid.
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FLUENT [2 =
File| Grid Define Solve Adapt Surface Display Plot Report Parallel Help

Read 3 Case... %
Write 3 Data...
Import b Case & Data...
Export... FOF.
DTRM 1 51119 .dmp**
IHtEI’PE'ﬂtEm View Factors...
Hardcopy... Profile... le for output
Batch Options. 1SAT Table. 1-fluent-Toshiba-3676.bat"
Save Layout —
Run... Journal...
RSF...
Exit

Figure 2. 7. Fluent read window

Figure 2. 7. shows the window of Fluent software with active menu of file selection.

o @ | Cjl=|8 x

File Grid Define Solve Adapt Surface Display Plot Report Parallel Help
93 mixed -

776 nmixed d Scale Grid Bl = |
75242 mixed i B ]
41558 mixed Scale Factors Unit Conversion

Building... X(p. a0 Grid Was Created In[ 0™
rid, :
I%aterials, Y [0 001 Change Length Units

interface,

domains, Domain Extents I
zones,

default{| Xmin[mm)[_gyo7y 5o Xmax (mm) fgz434.11
wall.1

velocity | Ymin (mm][1229.738 Ymax [mm] [26229.74
outflow

wall
Fluid
shell cond:
Done .

m

Scale ‘ Unscale| Close ‘ Help ‘

Figure 2. 8. Scale window
Next the scale of imported surface Figure 2. 8. should be selected.
The selection procedure comprises following steps:
Step 4: Models

1. Select the Coupled, Implicit solver.
2. Select the k-epsilon model
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Figure 2. 9. Solver window

Figure 2. 9. shows the window of selection “solver” for given case study.

Model

" Inviscid

" Laminar

© Spalart-Allmaras (1 eqn)
& kepsilon (2 eqn)
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 Reynolds Stress (5 eqn)
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C Realizable
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shell c|| © Standard Wall Functions
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Cl-Epsilon
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TKE Prandtl Number
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User-Defined Functions

Turbulent Viscosity
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Prandtl Numbers

TKE Prandtl Number

TDR Prandtl Number

L

Figure 2. 10. Models window

Figure 2. 10. shows the selection of turbulence model. The next step is to establish the

boundary conditions.
Step 5: Boundary conditions
1. Select the inlet and enter the desired value

2. Select the wall
3. Select the outlet and enter the desired valu

e
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Figure 2. 11. The boundary conditions window
Figure 2. 11. shows the window which enables entering of the boundary conditions for the
velocity inlet condition. It is necessary to determine: velocity specification method; reference
Frame; velocity magnitude; turbulence specification method; turbulence intensity; hydraulic
diameter.

The next step is the determination of numerical procedure solving for the system of equations.
This step will be initiated by selection of the “solution initialization”

Step 6: Solution

1. Set the solution controls.

I Solution Initialization &
Compute From Reference Frame
~| | & Relative to Cell Zone
" Absolute
Initial Yalues
Gauge Pressure [pascal) ’37 =
X Velocity [m{s) ,157
Y Velocity [mfs) ’37
Turbulent Kinetic Energy [m2/s2) ’W |
Init | Reset| Apply | Close | Help |

Figure 2. 12. The solution initialization window

Figure 2. 12. shows “The solution initialization” window, in which, from the compute menu
we select the “solution initialization”. In consequence the characteristic properties of this
condition will appear in the menu of “initial values”.



Subsequently, it is possible to engage the computation. The chard representing the similarity
with the accurate results (,,residuals™) is shown below. This undermentioned window can be
displayed in accordance to following steps:

Step 7: Display results of model - passenger car with a jet ski on a trailer

Set the display:

- contours,
- vectors,
- etc.

lterations

Scaled Rusiduals

Figure 2. 13. Residuals

Figure 2. 13. shows the residuals window for following quantities: continuity, x-velocity,
y-velocity, k, epsilon. In this case study the value continuity was established for 1e-04. When
the desire value is reached, solver will stop farther computations. The chosen results of

computations are depicted below.

L
o
e

Srami00
istersn
Lmesn

346249

1i5er00
o)
Qo0

il —

Contours of Velacity Magnitude (mis)

Jun 0,
FLUENT 6.2 (2d. segregates

2010

Figure 2. 14. Contours of the velocity magnitude [m/s]

Figure 2. 14. shows the “Contours of the velocity magnitude” window, on which the
maximum speed reaching 11.5 [m/s] are indicated on the upper surface of the car and the ski
jet. Minimum value of speed (approximately 0 [m/s]) occurs behind the vehicle.
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Contours of Static Pressure (pascal) Jun 08, 2010
FLUENT 8.2 (29, segregated, ske)

Figure 2. 15. Contours of the static pressure

Figure 2. 15. shows the “Contours of the static pressure” window, on which the minimum
value of relative static pressure reaching approximately 34.5 [Pa] is indicated on the upper
surface of the car and the ski jet. The maximum value of relative static pressure
(approximately 38.7 [Pa]) arises on front-end of the vehicle.
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3. INLET AND OUTLET IN COMBUSTION ENGINES

Introduction

A piston combustion engine is a heat engine (a thermodynamic one), in which the
chemical energy of the fuel is transferred into thermal energy, and this in turn is transferred
into the mechanical energy.

Obtaining best performance characteristics of the combustion engine was one of the
highest priority since the very beginning of their existence. Initially however, the emphasis
was given on increasing power and total efficiency of an engine. As the time goes by the
requirements become more sophisticated and starts to concern greater number of working
parameters of an engine. the essential issue however, remains the improvement of the cylinder
filling process.

Latest procedures for combustion engine cylinder filling, which considers the
influence of an intake system can be comprised into the determination of flow resistance as
well as the vibration of the column of gas within the intake system, by means of numerical
computation software, i.e. CFD (Computational Fluid Dynamics). The CFD software are
mostly based on the Finite Element Method (FEM) [1], [31], [33] or on the Finite Volume
Method (FVM) [18], [30]. Those software are capable of pressure and velocity fields
determination which arises during the medium flow through the intake system. Furthermore,
such software allows the flow expertise when geometry, friction on the ducts walls, viscosity
of the medium, and heat transfer are taken into consideration. In order to perform the
computation, it is necessary to design the numerical shape of the intake system, and then this
model should be discretized for instance with aid of Gambit software [13]. For such prepared
model the boundary and initial conditions should be established and the computational
condition should be selected. The CFD methods are relatively cheap, despise of course the
cost of the software. Some parameters which characterizes the flow are determined with
higher accuracy comparing with the comparative methods. For example measuring velocity
field or pressure distribution is theoretically possible but not used in practice due to their high
cost.

correct preparation of the mesh as well as establishment of certain initial and boundary
conditions, and selection of necessary computation parameters requires following established
procedure [1], [2], [7], [53] and some experience. The computation time of a stationary flow
is relatively short. On available computers the computations can last for several hours in case
of air intake of the combustion engine. The nonstationary computation (with consideration of
total intake stroke) can last even for several days. However taking the rapid development of
computer equipment it is safe to assume that this method will be more universal. Presently,
there are many computation software, however data exchange between them is rather
problematic. In case of CFD the interpretation of data seems to be the most problematic. “A
computer will calculate everything”. Unfortunately, computer very rarely is able to consider
the physical quantity of the phenomenon. All computation presented in this work was
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performed using FLUENT software, which is considered as one of the best commercial
software.

The computation od the intace system wlle be presented on the undermentioned example.

Problem Description

The problem concerns design of the inlet system of a combustion engine, considering
the non-stationary process in the ducts (inlet system with cylinder). The geometry of the inlet

system with cylinder is shown in Figure 3. 1.

Figure 3. 1 The inlet system of a combustion engine

Initial conditions of the numerical research are:

pressures in the inlet interceptor
valve lift

piston location

indicated pressure

presented as the angular function of crankshaft rotation Corresponding boundary conditions
are show in Figures 3. 3, 3. 4, 3.5, 3. 6.
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Figure 3. 2. The measurement station

Boundary conditions - pressures in the inlet interceptor
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236
234
232
230
=228
Coa
££,226
a.224
222
220 -
218
216 +

Figure 3. 3. Graph of pressure in the inlet system(filling)

Figure 3. 3. shows the chart representing the pressure acting at the inlet of the models intake
system changing with respect to the crankshafts angle of rotation.
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Figure 3. 4. Engine valves lift

Figure 3. 4. shows the chart representing the height of the inlet valve lift changing with
respect to the crankshafts angle of rotation.
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Figure 3. 5. Graph of pressure in the cylinder (filling)

Figure 3. 5. shows the chart representing the pressure within the cylinder of a piston
combustion engine during inlet stroke, as a function of the crankshaft angle of rotation.
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Figure 3. 6. Piston location with regard to the head

Figure 3. 6. shows the relationship of the distance between the piston and the cylinder head as

a function of the crankshafts angle of rotation.

Subsequently, the computation algorithm of quasi — nonstationary methodology is presented.
This algorithm was developed in order to facilitate computation of nonstationary process, and
it consists on replacing the nonstationary process by a series of stationary processes.

Inputdata
Translation of inlet track geom etry into numerical form

—

Initial conditions:
updated with successive step of calculation (pressure
values in cylinder and in inlet track: location
coordinates of the valves and the piston)

¥
[ Relaxation parameters and level convergence |—

Correct
discretization

Model calibration

Choice of calculation method, turbulence model 1-1—

Edge conditions:
taking velocity value pressure at the inlet
to inlet track and in cvlinder

i

Choice of discretization method of set of equations

Gambi

No

convergence

Calculation results

‘ Recording the resulis with successive step ‘

of calculation

Completed filling cylinder process

The end of calculations

Figure 3. 7. Methodology algorithm of the numerical research
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The computation should be performed in accordance with following steps:
Step 1: Preparation

1. Copy the file Project Il.msh from the automotive engineering documentation to your
working directory.

Step 2: Read Grid in Solver

1. Start the 3D version of FLUENT.
2. Read the grid file Project 1l.msh.
3. Check the grid.

4. Scale the grid.

5. Display the grid

Step 4: Models

1. Select the Coupled, Implicit solver.
2. Select the k-epsilon model

Figure 3. 8. Fluent read grid

Figure 3. 8. shows the discretized model of the intake system of a piston combustion engine.
Step 5: Boundary conditions

1. Select the inlet
2. Select the wall
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outlet

Figure 3. 9. Model of the inlet system*s geometry
with boundary conditions

Figure 3. 9. shows the intake system of a piston combustion engine with established boundary
conditions, i.e. inlet and outlet.

Step 6: Solution

1. Set the solution controls.

I ) solution Initialization l—s:h,l
Compute From Reference Frame
| locity_inlet.2 j * Relative to Cell Zone
" Absolute

Initial Values

Gauge Pressure [pascal] ’37
X Velocity [m{s] ’157
Y Velocity [m/fs] ’37
Turbulent Kinetic Energy [m2{s2) ’W o

Init | Fleset| Apply| Cluse| Help|

Figure 3. 10. The boundary conditions window
Figure 3. 10. shows “The solution initialization” window, in which, from the “compute”
menu we select the “solution initialization”. In consequence the characteristic properties of
this condition will appear in the menu of “initial values”

The computation has been performed and Results of the numerical research are presented in
undermentioned step 7.

Step 7: Set: display vectors.
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Figure 3. 11. The velocity field
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Figure 3.12. The velocity field in the valves space

It appears that for the flow rate of 95<Q<127 [g/s], which corresponds to the
crankshaft position of 425+440 and 505+525 CA the flow velocity changes for Av=10 [m/s].
within straight segment of the duct located just before the collector the flow velocity change
occurs (Fig. 3. 11). The velocity increases within the collector until it reach approximately
v=160 [m/s]. this occurs at the joint of collector and the head duct on the inner side of the
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curve. The velocity farther decreases. When the flow however reach the helical segment of
the system, the velocity will increase again until the speed similar to the one in inner side of
the curve i.e. ve160 [m/s] (Fig. 3. 12). Significant increase of the velocity can be observed at
the valve port. The velocity exceeds the speed of sound on the negligible space.

Modeling object - exhaust system

Modeling of the exhaust system is analogous with previously explained modeling of
the inlet system, therefore only the example of the exhaust system simulation performed

according to following steps is presented below:

Figure 3. 13. The exhaust system of a combustion engine

Figure 3. 14. The exhaust system of a combustion engine
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Preparation

1. Copy the file Project 3.dbs from the automotive engineering documentation to your
working directory.

2. Start the Gambit.

3. Open the file Project 3.dbs

Figure 3. 15. Line of the model

Step 1: Face

Figure 3. 16. Plane of the model
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Step 2: Grid

Mesh Edyges
Edges W il
W Pick with links  Rgyverse
Soft link T ————
I Use first edge settings
Grading W Apply  Default
TYPe  successive Ratin -
Invert] -1 Double sided

Ratio E1
—4

Spacing W Apply  Default
ﬁ Interval size |

Options | tesh
- Remove old mesh
I lgnore size functions

Apply | Reset | Close

Figure 3. 17. The grid in the edges

[ MeshFaes |
Faces lETaCBT ll
Scheme: | Apply MI

8 Quad |

Type: Map
Smoother: Meme = |

Spacing: | Apply Defaultl
I1.6164384 Interval size

Options: M Mesh
W Remove old mesh
1 Remove lower mesh
1 Ignore size functions

Elements

Apply | Reset Close

Figure 3. 18 The grid in the faces
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Figure 3. 19. Grid of the full model
Figure 3. 19. shows the discrete model of the exhaust system of piston combustion engine
Step 3: Boundary conditions

1. Select: inlet; walls; outlet

Figure 3. 20. The boundary conditions
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Figure 3. 20. shows the exhaust system of piston combustion engine with established
boundary conditions, i.e. inlet and outlet and wall

Step 4: Import Grid in Solver

1. Start the 2D version of FLUENT.
2. Read the grid file Project 3.msh.
3. Check the grid.

4, Scale the grid.

Step 5: Models

1. Select the Coupled, Implicit solver.
2. Select the k-o turbulence model

Step 6: Boundary conditions
1. Select the inlet and enter the

desired value

2. Select the wall

3. Select the outlet and enter the
desired value

Step 7: Solution

1. Set the solution controls.

Step 8: Display results of model - Residuals

Figure 3. 21. Scaled Residuals
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Figure 3. 21. shows the “residuals” window for following quantities: continuity, x-velocity, y-
velocity, k, epsilon. In this case study the value continuity was established for 1e-05. When
the desire value is reached, solver will stop farther computations. The chosen results of
computations are depicted below.

Step 8: Display results of model — exhaust system

Set : display contours of velocity,

Figure 3. 22. Velocity Magnitude [m/s]
Figure 3. 22. shows the velocity field of the gas. Minimum velocity occurs in the muffler
chambers (approximately 0.01 [m/s]) whereas the maximum velocity (approximately 12.4
[m/s]) occurs on the inner side of the systems duct elbows.

Step 8: Display results of model — exhaust system

Set: display contours of pressure,

Figure 3. 23. Total Pressure (Pa)

Figure 3. 23. shows the pressure distribution inside the muffler for the velocity of 8m/s.
The gas decompresses within the muffler. Maximum pressure occurs at the outlet, i.e. 2hPa
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4. MOVING/DEFORMING MESH [14]

In sliding meshes, the relative motion of stationary and rotating components in a rotating
machine will give rise to unsteady interactions.
The dynamic mesh model is used when boundaries move rigidly (linear or rotating) with
respect to each other. For example

e A piston moving with respect to an engine cylinder.

e A ap moving with respect to an airplane wing.
The dynamic mesh model can also be used when boundaries deform or defect. For example

e A balloon that is being inflated.

e Anartificial wall responding to the pressure pulse from the heart.

4.1. Conservation Equations

With respect to dynamic meshes, the integral form of the conservation equation for a general
scalar, ¢, on an arbitrary control volume, V , whose boundary is moving can be written as:

d - ~
- pdV’ b (T — ily) -dA = Vo ds sdV 4.1
= ‘Apod'i +./a po (@ —;) - dA /d IV d‘—‘1+‘fv Sudl . 1)

Where:
p is the fluid density
u is the flow velocity vector
ug is the grid velocity of the moving mesh
T is the diffusion coefficient
S¢ is the source term of ¢
Here 8V is used to represent the boundary of the control volume V .
The time derivative term in Equation 11.1-1 can be written, using a first-order backward
difference formula, as

d o (paV)"T  (peV)"
— AV = : 4. 2
dt fL ped At 4. 2)

where n and n+1 denote the respective quantity at the current and next time level. The (n + 1)
the time level volume V™ is computed from
dv

s+l yn -/ 4. 3
" Vi dt At @3

where dV/dt is the volume time derivative of the control volume. In order to satisfy the grid
conservation law, the volume time derivative of the control volume is computed from

dv I
- = .[av Ug-dA = Z Ugj - Aj (4. 4)
j

where ny is the number of faces on the control volume and A is the j face area vector. The dot
product ug; . Aj on each control volume face is calculated from
= g

Yo.i "2 = Xf (4. 5)

where 3Vjis the volume swept out by the control volume face j over the time step At.
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In the case of the sliding mesh, the motion of moving zones is tracked relative to the
stationary frame. Therefore, no moving reference frames are attached to the computational
domain, simplifying the ux transfers across the interfaces. In the sliding mesh formulation, the
control volume remains constant, therefore from Equation 4. 4, dv/dt = 0 and V™! = V"
Equation 4. 2 can now be expressed as follows:

d o [(po) = (pe)" |V
= ﬂ pov = 2P (4. 6)

4.2. Defining Dynamic Mesh Events

If you are simulating a flow, you can use the events in FLUENT to control the timing of
specific events during the course of the simulation. With in-cylinder flows for example, you
may want to open the exhaust valve (represented by a pair of deforming sliding interfaces) by
creating an event to create the sliding interfaces at some crank angle. You can also use
dynamic mesh events to control when to suspend the motion of a face or cell zone by creating
the appropriate events based on the crank angle or time. Note that in-cylinder flows are crank
angle-based, whereas all other lows are time-based.

4.2.1. Procedure for Defining Events

You can define the events using the Dynamic Mesh Events panel (Figure 4. 1).
Define — Dynamic Mesh — Events...

Dymamic Mesh Events El

Number of Events ,27 ﬁl
On Name M Time [s) J
¥ [delete-si-inlet [108 M
o |create—5i—nutlet ‘250 M
T | Deine. |
T | Define. |
T | Define..
i | Deine..
! | Biieh |
4| | etnen] |
Apply | Read... ‘ Write... | Preview. .. | Close ‘ Help |

Figure 4. 1: The Dynamic Mesh Events Panel

The procedure for defining events is as follows:

1. Increase the Number of Events value to the number of events you wish to specify. As this
value is increased, additional event entries in the panel will become editable.

2. Turn on the check box next to the first event and enter a name for the event under the Name
heading.

3. Specify either the time or the crank angle at which you want the event to occur. For in-
cylinder flows, specify the crank angle at which you want the event to occur under At Crank
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Angle. For non-in-cylinder flows, specify the time (in seconds) at which you want the event to

occur under At Time.
It is not necessary to specify the events in order of increasing time or crank angle, but it
may be easier to keep track of events if you specify them in the order of increasing time or
angle.

4. Click the Define... button to open the Define Event panel (Figure 4. 2).

Define Event E|

Wame
|ue1 ete-si-inlet

Type
‘Delete Sliding Interface j

Definition

Interface Name

‘inlet

0K ‘ Canl:e|| He||:||

Figure 4. 2: The Dynamic Mesh Events Panel

5. In the Define Event panel, choose the type of event by selecting Change Zone Type, Copy
Zone BC, Activate Cell Zone, Deactivate Cell Zone, Create Sliding Interface, Delete
Sliding Interface, Change Motion Attribute, Change Time Step Size, Change Under-
Relaxation Factors, Insert Boundary Zone Layer, Remove Boundary Zone Layer, Insert
Interior Zone Layer, Remove Interior Zone Layer, Insert Cell Layer, or Remove Cell Layer
in the Type drop-down list. These event types and their definitions are described later in
this section.

6. Repeat steps 2-5 for the other events, if relevant.

7. Click Apply in the Dynamic Mesh Events panel after you finish defining all events.

8. To play the events to check that they are defined correctly, click the Preview...button in the
Dynamic Mesh Events panel. This displays the Events Preview panel. For in-cylinder
flows, you use the Events Preview panel (Figure 4. 3), to enter the crank angles at which
you want to start and end the playback in the Start Crank Angle and End Crank Angle
fields, respectively. For non-in-cylinder flows, you use the Events Preview panel to enter
the time at which you want to start and end the playback in the Start Time and End Time
fields, respectively. Specify the size of the step to take during the playback in the
Increment field. Click Preview to play back the events. FLUENT will play the events at the
time (or crank angle in the case of in-cylinder flows) specified for each event and report
when each event occurs in the text (console) window.
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Increment (deg) ’27

Preview‘ Close | Help |

Figure 4. 3: The Events Preview Panel for In-Cylinder Flows

For in-cylinder simulations, you need to specify the events for one complete engine cycle. In
the subsequent cycles, the events are executed whenever

Bevent = B = nQpcriDd (4.7)

where Gevent is the event crank angle, 6c is the current crank angle, Gperiod is the crank angle
period for one cycle, and n is some integer. As an example, for in-cylinder simulations, you
are not required to specify the event crank angle. FLUENT will execute an event if the current
crank angle is between +0:5 A6 where A6 is the equivalent change in crank angle for the time
step. For example, if the event preview is executed between crank angle of 340° and 1060°
(crank period is 720°) using an increment of 1°.

Events

Each of the available events is described below.

Changing the Zone Type

You can change the type of a zone to be a wall, or an interface, interior, uid, or solid zone
during your simulation. To change the type of a zone, select Change Zone Type in the Type
drop-down list in the Define Event panel (Figure 4. 2). Select the zone(s) that you want to
change in the Zone(s) list, and then select the new zone type in the New Zone Type drop-
down list.

Copying Zone Boundary Conditions

You can copy boundary conditions from one zone to other zones during your simulation. If,
for example, you have changed an inlet zone to type wall with the Change Zone Type event,
you can set the boundary conditions of the new zone type by simply copying the boundary
conditions from a known zone with the corresponding zone type. To copy boundary
conditions from one zone to another, select Copy Zone BC in the Type drop-down list in the
Define Event panel (Figure 4. 2). In the From Zone drop-down list, select the zone that has
the conditions you want to copy. In the To Zone(s) list, select the zone or zones to which you
want to copy the conditions. FLUENT will set all of the boundary conditions for the zones
selected in the To Zone(s) list to be the same as the conditions for the zone selected in the
From Zone list. (You cannot copy a subset of the conditions, such as only the thermal
conditions.)

Note that you cannot copy conditions from external walls to internal (i.e., two-sided) walls, or
vice versa, if the energy equation is being solved, since the thermal conditions for external
and internal walls are different.

Deactivating a Cell Zone

To deactivate a cell zone, select Deactivate Cell Zone in the Type drop-down list in the
Define Event panel (Figure 4. 2), then select the zone that you want to deactivate in the
Zone(s) list. Only deactivated zones can be activated. When a zone is deactivated, FLUENT
skips the zone during the calculations.
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Activating a Cell Zone

To activate a cell zone, select Activate Cell Zone in the Type drop-down list in the Define
Event panel (Figure 4. 2), then select the zone that you want to activate in the Zone(s) list.
Creating a Sliding Interface

To create a sliding interface during your simulation, select Create Sliding Interface in the
Type drop-down list in the Define Event panel (Figure 4. 4). Enter a name for the sliding
interface in the Interface Name field. Select the zones on either side of the interface in the
Interface Zone 1 and Interface Zone 2 drop-down lists. You have the option to select any
number of zones listed under each of the interface zones. FLUENT calculates intersections
between all possible combinations of the left and right side of the interfaces, allowing you
more exibility in terms of creating zones and defining the interfaces.

I If FLUENT finds another interface with the same name as defined in the event, then the
old interface will be deleted and a new one created as defined in the dynamic mesh event.

If the interface zones that you selected above do not overlap each other completely, the non-
overlapped regions on each interface zones are put into separate wall zones by FLUENT. If
these wall zones (i.e., non-overlapped regions) have motion attributes associated with them,
their motion can only be specified by copying the motion from another dynamic zone by
selecting the appropriate dynamic zones in the Wall 1 Motion and Wall 2 Motion drop-down
lists, respectively.

Note that you don't have to change the boundary type from wall to interface. When the Create
Sliding Interface event is executed, FLUENT will automatically change the boundary type of
the face zones selected in Interface Zone 1 and Interface Zone 2 to type interface before the
sliding interface is created.

Define Event El

Name

‘npen—inualue

Type
|Create Sliding Interface j

Definition

Interface Name

[intF-ob

Interface Zone 1 =| =| Interface Zone 2 HiE|
valve-stem A | |valvelayer -
wvalve-layer valve-seat

wvalve-seat intf-ob-t

q
wvalve-chamber
chamber

outlet o

YWall 1 Motion Wall 2 Motion

none j |I'IDI'IE j

0K ‘ Cancel‘ Help ‘

Figure 4. 4: The Define Event Panel for the Creating Sliding Interface Option
Deleting a Sliding Interface

To delete a sliding interface that has been created earlier in your in-cylinder simulation, select
Delete Sliding Interface in the Type drop-down list in the Define Event panel (Figure 4. 2).
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Enter the name of the sliding interface to be deleted in the Interface Name field. As with the
Create Sliding Interface event, FLUENT will automatically change the corresponding
interface zones to wall. However, you may want to use the Copy Zone BC event to set any
boundary conditions that are not the default conditions that FLUENT assumes.

Changing the Motion Attribute of a Dynamic Zone

To change the motion attribute of a dynamic zone during your in-cylinder calculation, select
Change Motion Attribute in the Type drop-down list in the Define Event panel (Figure 4. 2).
Select the Attribute (slide, moving, or remesh) and set the appropriate Status (enable or
disable). Select the corresponding dynamic zones for which you want to change the motion
attributes in the Dynamic Zones list. The slide attribute is used to enable or disable smoothing
of nodes on selected deforming face zones, the moving attribute is used to suspend the motion
of selected moving zones, and the remesh attribute is used to enable and disable face
remeshing on selected deforming face zones.

Changing the Time Step

To change the time step at some point during the simulation, select Change Time Step Size in
the Type drop-down list in the Define Event panel. Specify the new physical time step size by
entering the new Time Step Size in seconds. For in-cylinder simulations, specify the new
physical time step by entering the new Crank Angle Step Size value in degrees. The physical
time step is calculated from

A4,

At =
IGQa:l'l:—_'Lft

(4. 8)

where the unit of shaft is assumed to be in RPM.

Changing the Under-Relaxation Factor

To change one more under-relaxation factors, select Change Under-Relaxation Factor in the
Type drop-down list in the Define Event panel (Figure 4. 2). Select the underrelaxation factor
that you wish to change, and assign a new value to it in the Under-Relaxation Factors list.
Inserting a Boundary Zone Layer

To insert a new cell zone layer as a separate cell zone adjacent to a boundary, select Insert
Boundary Zone Layer in the Type drop-down list in the Define Event panel. Specify the Base
Dynamic Zone, from which the layer of cells is to be created, and the Side Dynamic Zone,
which represents the deforming face zone adjacent to the Base Dynamic Zone before the layer
is inserted. The new cell zone will inherit the boundary conditions of the cell zone adjacent to
the Base Dynamic Zone before the layer is inserted.

Note that a new cell layer can be inserted only from a one-sided Base Dynamic Zone. You
cannot insert a new cell layer from an interior face zone. Figure 4. 5. and Figure 4. 6. illustrate
the insertion of a boundary zone layer. In both figures, the circular face at the top of the

cylinder is the base dynamic zone.
T
S z:‘ ﬁ&‘%

Figure 4. 5: Boundary Zone Before Insertion
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Figure 4. 6: Boundary Zone After Insertion

Removing a Boundary Zone Layer

To remove the cell zone layer inserted using the Insert Boundary Zone Layer event, select
Remove Boundary Zone Layer in the Type drop-down list in the Define Event panel. Specify
the same Base Dynamic Zone that you used when you defined the insert boundary layer
event.

Note that a cell layer can be removed only from a one-sided Base Dynamic Zone.

Inserting an Interior Zone Layer

To insert a new zone layer as a separate cell zone adjacent to the internal side of a boundary,
select Insert Interior Zone Layer in the Type drop-down list in the Define Event panel.
Specify the Base Dynamic Zone and the Side Dynamic Zone as described in the Insert
Boundary Zone Layer event. You also need to specify the names of the new interior face
zones (Internal Zone 1 Name and Internal Zone 2 Name) that will be created after the cell
zone layer is created by FLUENT. FLUENT inserts the interior cell layer by splitting the cell
zone adjacent to the Base Dynamic Zone with a plane. The position of the plane and the
normal direction of the plane are implicitly defined by the cylinder origin and cylinder axis of
the Side Dynamic Zone.

Figure 4. 7: Boundary Zone After Insertion

Figure 4. 6 and Figure 4. 7 illustrate the insertion of an interior zone layer.
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Removing an Interior Zone Layer

To remove the zone layer inserted using the Insert Interior Zone Layer event, select Remove
Interior Zone Layer in the Type drop-down list in the Define Event panel. Specify the same
Internal Zone 1 Name and Internal Zone 2 Name that you used to define the Insert Interior
Zone Layer event.

Figure 4. 8: Interior Zone After Insertion

Inserting a Cell Layer

To manually insert a new cell layer to the existing cell zone, select Insert Cell Layer in the
Type drop-down list in the Define Event panel. Specify the Adjacent Dynamic Face Zone and
the Direction Parameter.

Removing a Cell Layer

To manually remove a cell layer from an existing cell zone, select Remove Cell Layer in the
Type drop-down list in the Define Event panel. Specify the Adjacent Dynamic Face Zone and
the Direction Parameter.

Exporting and Importing Events

If you want to save the events you have defined to a file, click Write... in the Dynamic Mesh
Events panel and specify the Event File in the Select File dialog box. To read the events back
into FLUENT, click Read... in the Dynamic Mesh Events panel and specify the Event File in
the Select File dialog box.

4.3. Using the In-Cylinder Model

This section describes the problem setup procedure for an in-cylinder dynamic mesh
simulation.

4.3.1. Overview

Consider the 2D in-cylinder example shown in Figure 4. 9. for a typical pent-roof engine.
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Intake Valve

Exhaust Valve

Piston Head
Figure 4. 9: A 2D In-Cylinder Geometry

In setting up the dynamic mesh model for an in-cylinder problem, you need to consider
the following issues:

how to provide the proper mesh topology for the volume mesh update methods
(spring-based smoothing, dynamic layering, and local remeshing)

how to define the motion attributes and geometry for the valve and piston surfaces
how to address the opening and closing of the intake and exhaust valves

how to specify the sequence of events that controls the in-cylinder simulation

Defining the Mesh Topology

FLUENT requires that you provide an initial volume mesh with the appropriate mesh
topology such that the various mesh update methods described in: Dynamic Mesh Update
Methods can be used to automatically update the dynamic mesh. However, FLUENT does not
require you to set up all in-cylinder problems using the same mesh topology. When you
generate the mesh for your in-cylinder model (using GAMBIT or other mesh generation
tools), you need to consider the various mesh regions that you can identify as moving,
deforming, or stationary, and generate these mesh regions with the appropriate cell shape. The
mesh topology for the example problem in Figure 4. 9 is shown in Figure 4. 10, and the
corresponding volume mesh is shown in Figure 4. 11.
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Remaczhing Zona

Layering Zone Above Piston

Figure 4. 10: Mesh Topology Showing the Various Mesh Regions

Because of the rectilinear motion of the moving surfaces, you can use dynamic layering zones
to represent the mesh regions swept out by the moving surfaces. These regions are the regions
above the top surfaces of the intake and exhaust valves and above the piston head surface, and
must be meshed with quadrilateral or hexahedral cells (as required by the dynamic layering

method).
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Figure 4. 11: Mesh Associated With the Chosen Topology
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For the chamber region, you need to define a remeshing zone (triangular cells) to
accommodate the various positions of the valves in the course of the simulation. In this
region, the motion of the boundaries (valves and piston surfaces) is propagated to the interior
nodes using the spring-based smoothing method. If the cell quality violates any of the
remeshing criteria that you have specified, FLUENT will automatically agglomerate these
cells and remesh them. Furthermore, FLUENT will also remesh the deforming faces (based
on the minimum and maximum length scale that you have specified) on the cylinder walls as
well as those on the sliding interfaces used to connect the chamber cell zone to the layering
zones above the valve surfaces. For the intake and exhaust port regions, you can use either
triangular or quadrilateral cell zones because these zones are not moving or deforming.
FLUENT will automatically mark these regions as stationary zones and will not apply any
mesh motion method on these cell zones. The dynamic layering regions above the piston and
valves are conformal with the adjacent cell zone in the chamber and ports, respectively, so
you do not have to use sliding interfaces to connect these cell zones together. However, you
need to use sliding interfaces to connect the dynamic layering regions above the valves and
the remeshing region in the chamber. This is shown in Figure 4. 12. with the exhaust valve
almost at full extension. Notice that cells on the chamber side of the interface zone are
remeshed (i.e., split or merged) as the interface zone opens and closes because of the motion
of the exhaust valve.

I !
/ \ | / A 1

\ I SN / A} I FoA \
: The Use of Sliding Interfaces to Connect the Exhaust Valve Layering Zone to
the Remeshing Zone

J'F'igure 4.12
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4.3.2. Defining Starting Position Mesh for the In-Cylinder Model

If you are solving an in-cylinder ow problem, it is recommended that you generate your initial
mesh to coincide with the TDC (top-dead-center) position. You can then use FLUENT to
position the valves and piston to correspond to the starting crank angle of your simulation
using the position-starting-mesh text-interface command.
define—models—dynamic-mesh-controls—in-cylinder-parameter—position-starting-mesh

This technique has the following restrictions:

o Does not execute mesh modi_cation events (e.g., layer insertion).

e Does not work for geometries with a symmetry plane (e.g., half cylinder geometry).
FLUENT will automatically remesh any deforming face zones and the adjacent cell zones
(both remeshing and layering) based on the remeshing and dynamic layering parameters that
you have set up for your model. In the above example, the starting crank angle for the in-
cylinder simulation is 340 degrees (20 degrees before TDC). Figure 4. 13 and Figure 4. 14
show the initial and the starting mesh generated by FLUENT.

Figure 4. 14: In-Cylinder Starting Mesh Generated by FLUENT at Crank
Angle of 340 degrees
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4.3.3. Defining Motion/Geometry Attributes of Mesh Zones

As the piston moves down from the TDC to the BDC position, you need to expand the
remeshing region such that it can accommodate the valves when they are fully extended. To
accomplish this, you need to specify the dynamic layering zone adjacent to the piston surface
to move with the piston until some specified distance from the TDC position. Beyond this
cutoff distance, the motion of the layering zone is stopped and the piston wall is allowed to
continue to the BDC position. Because there is relative motion between the piston head
surface and the now non-moving dynamic layering zone, cell layers will be added when the
ideal layer height criteria is violated. Figures 4. 15 to 4. 16 show the sequence of meshes
before and after the onset of cell layering when the motion in the layering zone above the
piston surface is stopped (shown with A8 = 5¢).

AT AT AT AT LAY YL,
P A AR
0K

Figure 4. 15: Mesh Sequence 1

Figure 4. 16: Mesh Sequence 2
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Figure 4. 17: Mesh Sequence 3

2

Figure 4. 18: Mesh Sequence 4



Figure 4. 19: Mesh Sequence 5
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Figure 4. 20: Mesh Sequence 6

FLUENT provides built-in functions to handle the full piston motion and the limited piston
motion for the dynamic layering zone above the piston surface. When you define the motion
attribute of the dynamic layering zone above the piston surface, you need to use the limited
piston motion function (**piston-limit** in the C.G. Motion UDF/Profile field in the
Dynamic Mesh Zones panel). Note that you must define the parameters used by these
functions before you can use them. In the current example, the piston stroke is 80 mm and the
connecting rod length is 140 mm. The piston stroke cutoff is assumed to happen at 25 mm
from TDC position. The lift as a function of crank angle between 344° C. A. and 1064° C. A.
is shown in Figure 4. 21 for both limited and full piston motion.
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Figure 4. 21: Piston Position (m) as a Function of Crank Angle (deg)

To define the motion of the valves, you need to use profiles that describe the variation of
valve lift with crank angle. FLUENT expects certain profile fields to be used to define the lift
and the crank angle.

FLUENT expects the angle and lift fields to define the crank angle and lift variations,
respectively. The angle must be specified in degrees and the lift values must be in meters. The
actual valve lift profiles that you will use for the current example are shown in Figure 4. 22.
Notice that there is an overlapped period where both the intake and exhaust valves are open.
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where Tref is some reference position, axis is the unit vector in the direction of motion, and
| is either the valve or the piston distance with respect to the reference position ref
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Figure 4. 22: Intake and Exhaust Valve Lift (m) as a Function of Crank Angle (deg)

The valve lift profiles and the built-in functions will describe how each surface moves as a
function of crank angle with respect to some reference point. For example, the valve lift is
zero when the valve is fully closed and the valve lift is maximum when it is fully open. In

order to move the surfaces, FLUENT requires that you specify the direction of motion for
each surface. FLUENT will then update the \center of gravity" of each surface such that

T = Trep — €0y

4. 9)

Note that the unit vector of the direction of motion is specified to point in the negative

direction. For example, the correct intake valve axis for this example is (- 0:3421; 0:9397), as
shown in Figure 4. 24,
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Figure 4. 24: Definition of Valve Zone Attributes (Intake Valve)

4.3.4. Defining Valve Opening and Closure

FLUENT assumes that once you have set up the mesh topology, the mesh topology is
unchanged throughout the entire simulation. Therefore, FLUENT does not allow you to
completely close the valves such that the cells between the valve and the valve seat become
degenerate (at cells) when these surfaces come in contact (removing these at cells would
require the creation of new boundary face zones). To prevent the collapse, you need to define
a minimum valve lift and FLUENT will automatically stop the motion of the valve when the
valve lift is smaller than the minimum valve lift value. The minimum valve lift value can be
specified in the Dynamic Mesh Parameters panel. For the current example, a minimum valve
lift value of 0.1 mm is assumed. When the valve position is smaller than the minimum valve
lift value, it is normal practice to assume that the valve is closed. The actual closing of the
valves is accomplished by deleting the sliding interfaces that connect the chamber cell zone to
the dynamic layering zones on the valves. The interface zones are then converted to walls to
close off the \gaps" between the valves and the valve seats. The valve opening is achieved by
the reverse process. When the valve lift has reached beyond the minimum valve lift value, the
valve is assumed to be open and you can redefine the sliding interfaces such that the chamber
zone is now connected to the dynamic layering zones above the valves.

4.3.5. Defining Events for In-Cylinder Applications

FLUENT will automatically limit the valve lift values depending on the specified minimum
valve lift value. However, the conversion of the sliding interface zones to walls (and vice
versa) is accomplished via the in-cylinder events. For example, if the exhaust valve closes at -
5° before TDC position, you must define a Delete Sliding Interface event at the crank angle of
-5°. You need to define similar events for the intake valve opening (using the Create Sliding
Interface event), the intake valve closing (Delete Sliding Interface event), and the exhaust
valve opening (Create Sliding Interface event) at the respective crank angles. For the current
example, the exhaust valve is assumed to be open between 131° and 371° and the intake valve
is open between at 345° and 584°.
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5. INJECTION [14]

You will define the initial conditions for a particle/droplet stream by creating an \injection"
and assigning properties to it. FLUENT provides 11 types of injections:

e single
group
cone (only in 3D)
solid-cone (only in 3D)
surface
plain-orifice atomizer
pressure-swirl atomizer
at-fan-atomizer
air-blast-atomizer
effervescent-atomizer
file
You should create a single injection when you want to specify a single value for each of the
initial conditions (Figure 5. 1). Create a group injection (Figure 5. 2) when you want to define
a range for one or more of the initial conditions (e.g., a range of diameters or a range of initial
positions). To define hollow spray cone injections in 3D problems, create a cone injection
(Figure 5. 3). To release particles from a surface (either a zone surface or a surface you have
defined using the items in the Surface menu), you will create a surface injection. (If you
create a surface injection, a particle stream will be released from each facet of the surface.
You can use the Bounded and Sample Points options in the Plane Surface panel to create
injections from a rectangular grid of particles in 3D.

/ /

—)

s

Figure 5. 1: Particle Injection Defining a Single Particle Stream

/

SIS S

Figure 5. 2: Particle Injection Defining an Initial Spatial Distribution of the Particle Streams
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Figure 5. 3: Particle Injection Defining an Initial Spray Distribution of the Particle Velocity

Particle initial conditions (position, velocity, diameter, temperature, and mass flow rate) can
also be read from an external file if none of the injection types listed above can be used to
describe your injection distribution. The file has the following form:

((xy z uvw diameter temperature mass-flow) name )

with all of the parameters in Sl units. All the parentheses are required, but the name is
optional.

5.1. Point Properties for Single Injections

For a single injection, you will define the following initial conditions for the particle stream
under the Point Properties heading (in the Set Injection Properties panel):
e position
Set the X, y, and z positions of the injected stream along the Cartesian axes of the
problem geometry in the X-, Y-, and Z-Position fields. (Z-Position will appear only
for 3D problems.)
e velocity
Set the X, y, and z components of the stream’s initial velocity in the X-, Y-, and Z-
Velocity fields. (Z-Velocity will appear only for 3D problems.)
e diameter
Set the initial diameter of the injected particle stream in the Diameter field.
e temperature
Set the initial (absolute) temperature of the injected particle stream in the Temperature
field.
e mass flow rate
For coupled phase calculations, set the mass of particles per unit time that follows the
trajectory defined by the injection in the Flow Rate field. Note that in axisymmetric
problems the mass flow rate is defined per 2z radians and in 2D problems per unit
meter depth (regardless of the reference value for length).
e duration of injection
For unsteady particle tracking, set the starting and ending time for the injection in the
Start Time and Stop Time fields.

5.2. Point Properties for Group Injections

For group injections, you will define the properties described for single injections for the First
Point and Last Point in the group. That is, you will define a range of values, ¢; through ¢y ,
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for each initial condition ¢ by setting values for ¢; and ¢n. FLUENT assigns a value of ¢ to
the ith injection in the group using a linear variation between the first and last values for ¢:

ON — D1,
N1 (i—1) (5. 1)

O = @1+

Thus, for example, if your group consists of 5 particle streams and you define a range for the

initial x location from 0.2 to 0.6 meters, the initial x location of each stream is as follows:
e Stream 1: x = 0.2 meters

Stream 2: x = 0.3 meters

Stream 3: x = 0.4 meters

Stream 4: x = 0.5 meters

Stream 5: x = 0.6 meters

111 In general, you should supply a range for only one of the initial conditions in a given
group-leaving all other conditions fixed while a single condition varies among the stream
numbers of the group. Otherwise you may find, for example, that your simultaneous
inputs of a spatial distribution and a size distribution have placed the small droplets at the
beginning of the spatial range and the large droplets at the end of the spatial range.

Note that you can use a different method for defining the size distribution of the particles, as

discussed below.

Using the Rosin-Rammler Diameter Distribution Method

By default, you will define the size distribution of particles by inputting a diameter for the
first and last points and using the linear equation to vary the diameter of each particle stream
in the group. When you want a different mass flow rate for each particle/droplet size,
however, the linear variation may not yield the distribution you need. Your particle size
distribution may be defined most easily by fitting the size distribution data to the Rosin-
Rammler equation. In this approach, the complete range of particle sizes is divided into a set
of discrete size ranges, each to be defined by a single stream that is part of the group. Assume,
for example, that the particle size data obeys the following distribution:

Diameter Range (pm) Mass Fraction in Range
0-70 0.05
70-100 0.10
100-120 0.35
120-150 0.30
150-180 0.15
180-200 0.05

The Rosin-Rammler distribution function is based on the assumption that an exponential
relationship exists between the droplet diameter, d, and the mass fraction of droplets with
diameter greater than d, Yd:

Yy = e~ @/" (5. 2)

FLUENT refers to the quantity d in Equation 4. 1 as the Mean Diameter and to n as the
Spread Parameter. These parameters are input by you (in the Set Injection Properties panel
under the First Point heading) to define the Rosin-Rammler size distribution. To solve for
these parameters, you must fit your particle size data to the Rosin-Rammler exponential
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equation. To determine these inputs, first recast the given droplet size data in terms of the
Rosin-Rammler format. For the example data provided above, this yields the following pairs

of d and Yd:

Diameter, d (pm) Mass Fraction with
Diameter Greater than d, Yy

70 0.95

100 0.85

120 0.50

150 0.20

180 0.05

200 (0.00)

A plot of Yavs. d is shown in Figure 5. 4.
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Figure 5. 4: Example of Cumulative Size Distribution of Particles
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Next, derive values of d and n such that the data in Figure 22.12.4 fit Equation 22.12-3. The
value for d is obtained by noting that this is the value of d at which Yd = e ~ 0.368. From
Figure 22.12.4, you can estimate that this occurs for d ~ 131 um. The numerical value for n is

given by
In(—InYjy)

n=—F7"—"7-— (5. 3)

In (d/d)

By substituting the given data pairs for Yd and d=d into this equation, you can obtain values
for n and find an average. Doing so yields an average value of n = 4.52 for the example data
above. The resulting Rosin-Rammler curve fit is compared to the example data in Figure 5. 5.
You can input values for d and n, as well as the diameter range of the data and the total mass
flow rate for the combined individual size ranges, using the Set Injection Properties panel.
This technique of fitting the Rosin-Rammler curve to spray data is used when reporting the
Rosin-Rammler diameter and spread parameter in the discrete phase summary panel.
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Figure 5. 5: Rosin-Rammler Curve Fit for the Example Particle Size Data
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A second Rosin-Rammler distribution is also available based on the natural logarithm of the
particle diameter. If in your case, the smaller-diameter particles in a Rosin-Rammler
distribution have higher mass flows in comparison with the larger-diameter particles, you may
want better resolution of the smaller-diameter particle streams, or \ “bins". You can therefore
choose to have the diameter increments in the Rosin-Rammler distribution done uniformly by
In d. In the standard Rosin-Rammler distribution, a particle injection may have a diameter
range of 1 to 200 um. In the logarithmic Rosin-Rammler distribution, the same diameter
range would be converted to a range of In 1 to In 200, or about 0 to 5.3. In this way, the mass
flow in one bin would be less-heavily skewed as compared to the other bins.
When a Rosin-Rammler size distribution is being defined for the group of streams, you should
define (in addition to the initial velocity, position, and temperature) the following parameters,
which appear under the heading for the First Point:
e Total Flow Rate
This is the total mass ow rate of the N streams in the group. Note that in axisymmetric
problems this mass ow rate is de_ned per 2_ radians and in 2D problems per unit
meter depth.
e Min. Diameter
This is the smallest diameter to be considered in the size distribution.
e Max. Diameter
This is the largest diameter to be considered in the size distribution.
e Mean Diameter
This is the size parameter, d, in the Rosin-Rammler.
e Spread Parameter
This is the exponential parameter, n.
The Stochastic Rosin-Rammler Diameter Distribution Method
For atomizer injections, a Rosin-Rammler distribution is assumed for the particles exiting the
injector. In order to decrease the number of particles necessary to accurately describe the
distribution, the diameter distribution function is randomly sampled for each instance where
new particles are introduced into the domain.
The Rosin-Rammler distribution can be written as

1-Y =exp {— (g)n} (5. 4)

where Y is the mass fraction smaller than a given diameter D, d is the Rosin-Rammler
diameter and n is the Rosin-Rammler exponent. This expression can be inverted by taking
logs of both sides and rearranging,

D=d(—In(1-Y))" (5. 5)

Given a mass fraction Y along with parameters d and n, this function will explicitly provide a
diameter, D.

5.3. Point Properties for Cone Injections

In 3D problems, you can define a hollow or solid cone of particle streams using the cone
or solid-cone injection type, respectively. For both types of cone injections, the inputs
are as follows:
e position
Set the coordinates of the origin of the spray cone in the X-, Y-, and Z-Position
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o fields.

o diameter
Set the diameter of the particles in the stream in the Diameter field.

e temperature
Set the temperature of the streams in the Temperature field.

e axis
Set the X, y, and z components of the vector defining the cone's axis in the X-Axis, Y-
AXis, and Z-Axis fields.

e velocity
Set the velocity magnitude of the particle streams that will be oriented along the
specified spray cone angle in the Velocity Mag. field.

e cone angle

Set the included half-angle, _, of the hollow spray cone in the Cone Angle field, as show in
Figure 5. 6.

0"\

origin axis
-

Figure 5. 6: Cone Half Angle and Radius

e radius
A nonzero inner radius can be specified to model injectors that do not emanate from a
single point. Set the radius r (defined as shown in Figure 5. 6) in the Radius field. The
particles will be distributed about the axis with the specified radius.
o swirl fraction (hollow cone only)
Set the fraction of the velocity magnitude to go into the swirling component of the
flow in the Swirl Fraction field. The direction of the swirl component is defined using
the right-hand rule about the axis (a negative value for the swirl fraction can be used to
reverse the swirl direction).
e mass flow rate
For coupled calculations, set the total mass flow rate for the streams in the spray cone
in the Total Flow Rate field.
The distribution of the particle streams for the solid cone injection is random, as seen in
Figure 5. 3. Furthermore, duplicating this injection may not necessarily result in the same
distribution, at the same location.
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For transient calculations, the spatial distribution of streams at the initial injection location is
recalculated at each time step. Sampling different possible trajectories allows a more accurate
representation of a solid cone using fewer computational parcels. For steady state
calculations, the trajectories are initialized one time and kept the same for subsequent DPM
iterations. The trajectories are recalculated when a change in the injection panel occurs or
when a case and data file are saved. If the residuals and solution change when a small change
is made to the injection or when a case and data file are saved, it may mean that there are not
enough trajectories being used to represent the solid cone with sufficient accuracy.

Note that you may want to define multiple spray cones emanating from the same initial
location in order to specify a size known distribution of the spray or to include a known range
of cone angles.

5.4. Point Properties for Surface Injections

For surface injections, you will define all the properties described in Section Point Properties
for Single Injections for single injections except for the initial position of the particle streams.
The initial positions of the particles will be the location of the data points on the specified
surface(s). Note that you will set the Total Flow Rate of all particles released from the surface
(required for coupled calculations only). If you want, you can scale the individual mass flow
rates of the particles by the ratio of the area of the face they are released from to the total area
of the surface. To scale the mass flow rates, select the Scale Flow Rate By Face Area option
under Point Properties.

Note that many surfaces have nonuniform distributions of points. If you want to generate a
uniform spatial distribution of particle streams released from a surface in 3D, you can create a
bounded plane surface with a uniform distribution using the Plane Surface panel, as described
in Section Plane Surfaces. In 2D, you can create a rake using the Line/Rake Surface panel, as
described in Section Line and Rake Surfaces.

In addition to the option of scaling the ow rate by the face area, the normal direction of a face
can be used for the injection direction. To use the face normal direction for the injection
direction, select the Inject Using Normal Direction option under Point Properties. Once this
option is selected, you only need to specify the velocity magnitude of the injection, not the
individual components of the velocity magnitude.

Note also that only surface injections from boundary surfaces will be moved with the grid
when a sliding mesh or a moving or deforming mesh is being used. A nonuniform size
distribution can be used for surface injections, as described below.
Using the Rosin-Rammler Diameter Distribution Method
The Rosin-Rammler size distributions described in Section Using the Rosin-Rammler
Diameter Distribution Method for group injections is also available for surface injections. If
you select one of the Rosin-Rammler distributions, you will need to specify the following
parameters under Point Properties, in addition to the initial velocity, temperature, and total ow
rate:
e Min. Diameter
This is the smallest diameter to be considered in the size distribution.
e Max. Diameter
This is the largest diameter to be considered in the size distribution.
e Mean Diameter
This is the size parameter, d, in the Rosin-Rammler equation.
e Spread Parameter
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This is the exponential parameter, n.

Number of Diameters

This is the number of diameters in each distribution (i.e., the number of different
diameters in the stream injected from each face of the surface).

FLUENT will inject streams of particles from each face on the surface, with diameters
defined by the Rosin-Rammler distribution function. The total number of injection streams
tracked for the surface injection will be equal to the number of diameters in each distribution
(Number of Diameters) multiplied by the number of faces on the surface.

Point Properties for Plain-Orifice Atomizer Injections

For a plain-orifice atomizer injection, you will define the following initial conditions under
Point Properties:
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position

Set the X, y, and z positions of the injected stream along the Cartesian axes of the
problem geometry in the X-Position, Y-Position, and Z-Position fields. (Z-Position
will appear only for 3D problems).

axis (3D only)

Set the X, y, and z components of the vector defining the axis of the orifice in the X-
AXis, Y-Axis, and Z-Axis fields.

temperature

Set the temperature of the streams in the Temperature field.

mass flow rate

Set the mass flow rate for the streams in the atomizer in the Flow Rate field. Note that
in 3D sectors, the flow rate must be appropriate for the sector defined by the
Azimuthal Start Angle and Azimuthal Stop Angle.

duration of injection

For unsteady particle tracking, set the starting and ending time for the injection in the
Start Time and Stop Time fields.

vapor pressure Set the vapor pressure governing the flow through the internal orifice
in the Vapor Pressure field.

Diameter Set the diameter of the orifice in the Injector Inner Diam. field.

orifice length Set the length of the orifice in the Orifice Length field.

radius of curvature

Set the radius of curvature of the inlet corner in the Corner Radius of Curv.

nozzle parameter

Set the constant for the spray angle correlation in the Constant A field.

azimuthal angles

For 3D sectors, set the Azimuthal Start Angle and Azimuthal Stop Angle.



6. MODELING ENGINE IGNITION [14]

This chapter describes only the engine ignition for Autoignition Models due to the fact
that this course book comprises only deliberation of compression-ignition engine.

6.1. Autoignition Models

Autoignition phenomena in engines are due to the effects of chemical kinetics of the reacting
flow inside the cylinder. There are two types of autoignition models considered in FLUENT:
e knock model in spark-ignited (SI) engines
¢ ignition delay model in diesel engines
Autoignition models in FLUENT are described in the following sections.

6.1.1. Overview

The concept of knock has been studied extensively in the context of premixed engines, as it
defines a limit in terms of efficiency and power production of that type of engine. As the
compression ratio increases, the efficiency of the engine as a function of the work extracted
from the fuel increases. However, as the compression ratio increases, the temperature and
pressure of the air/fuel mixture in the cylinder also increase during the cycle compressions.
The temperature and pressure increase can be large enough for the mixture to spontaneously
ignite and release its heat before the spark plug fires. The premature release of all of the
energy in the air/fuel charge is almost never desirable, as this results in the spark event no
longer controlling the combustion. As a result of the premature release of the energy,
catastrophic damage to the engine components can occur. The sudden, sharp rise in pressure
inside the engine can be heard clearly through the engine block as a knocking sound, hence
the term \knock". For commonly available gasoline pumps, knock usually limits the highest
practical compression ratio to less than 11:1 for premium fuels and around 9:1 for less
expensive fuels. By comparison, ignition delay in diesel engines has not been as extensively
studied as S| engines, mainly because it does not have such a sharply defining impact on
engine efficiency. Ignition delay in diesel engines refers to the time between when the fuel is
injected into the combustion chamber and when the pressure starts to increase as the fuel
releases its energy. The fuel is injected into a gas which is usually air, however, it can have a
considerable amount of exhaust gas mixed in (or EGR) to reduce nitrogen oxide emissions
(NOXx). Ignition delay depends on the composition of the gas in the cylinder, the temperature
of the gas, the turbulence level, and other factors. Since ignition delay changes the
combustion phasing, which in turn impacts efficiency and emissions, it is important to
account for it in a diesel engine simulation.

6.1.2. Model Limitations

The main difference between the knock model and the ignition delay model is the manner in
which the model is coupled with the chemistry. The knock model always releases energy from
the fuel while the ignition delay model prevents energy from being released prematurely. The
knock model in FLUENT is compatible with the premixed and partially premixed combustion
models. The autoignition model is compatible with any volumetric combustion model, with
the exception of the purely premixed models. The autoignition models are inherently transient
and so are not available with steady simulations. The autoignition models in general require
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adjustment of parameters to reproduce engine data and are likely to require tuning to improve
accuracy. Once the model is calibrated to a particular engine configuration, then different
engine speeds and loads can be reasonably well represented. Detailed chemical kinetics may
be more applicable over a wider range of conditions, though are more expensive to solve. The
single equation autoignition models are appropriate for the situation where geometric fidelity
or resolution of particular flow details is more important than chemical effects on the
simulation.

6.2. Ignition Model Theory

Both the knock and the ignition delay models are treated similarly in FLUENT, in that they
share the same infrastructure. These models belong to the family of single equation
autoignition models and use correlations to account for complex chemical kinetics. They
differ from the eight step reaction models, such as Halstead's \Shell" model [19], in that only a
single transport equation is solved. The source term in the transport equation is typically not
stiff, thus making the equation relatively inexpensive to solve. This approach is appropriate
for large simulations where geometric accuracy is more important than fully resolved
chemical kinetics. The model can be used on less resolved meshes to explore a range of
designs quickly, and to obtain trends before utilizing more expensive and presumably more
accurate chemical mechanisms in multidimensional simulations.

6.3. Transport of Ignition Species

Autoignition is modeled using the transport equation for an Ignition Species, Yig, which is
given by

Yy (i) = V- (L, 4 6 1

LV (piYy) =V (scf“‘g +pSiy 6. 1)

where Yig is a \mass fraction" of a passive species representing radicals which form when the
fuel in the domain breaks down. Sct is the turbulent Schmidt number. The term Sig is the
source term for the ignition species which has a form

5;5‘,:‘/r a (6. 2)

t=tyg Tig

where t0 corresponds to the time at which fuel is introduced into the domain. The tig term is a
correlation of ignition delay with the units of time. Ignition has occurred when the ignition
species reaches a value of 1 in the domain. It is assumed that all the radical species
represented by Yig diffuse at the same rate as the mean flow.

Note that the source term for these radical species is treated differently for knock and ignition
delay. Furthermore, the form of the correlation of ignition delay differs between the two
models. Details of how the source term is treated are covered in the following sections.

6.4. Knock Modeling

When modeling knock or ignition delay, chemical energy in the fuel is released when the
ignition species reaches a value of 1 in the domain. For the knock model, two correlations are
built into FLUENT. One is given by Douaud [10], while the other is a generalized model
which reproduces several correlations, given by Heywood [20].
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Modeling of the Source Term

In order to model knock in a physically realistic manner, the source term is accumulated
under appropriate conditions in a cell. Consider the one dimensional flame in Figure 6.1.
Here, the flame is propagating from left to right, and the temperature is relatively low in front
of the flame and high behind the flame. In this figure, Tb and Tu represent the temperatures at
the burnt and unburned states, respectively. The ignition species accumulates only when there
is fuel. In the premixed model, the fuel is defined as fuel = 1 - ¢, where c is the progress
variable. If the progress variable has a value of zero, the mixture is considered unburned. If
the progress variable is 1, then the mixture is considered burned.

T
Ty
fuel >0
Sig >0
T,
X

Figure 6.1: Flame Front Showing Accumulation of Source Terms for the Knock Model

When the ignition species reaches a value of 1 in the domain, knock has occurred at that
point. The value of the ignition species can exceed unity. In fact, values well above that can
be obtained in a short time. The ignition species will continue to accumulate until there is no
more fuel present.

Correlations
An extensively tested correlation for knock in Sl engines is given by Douaud and Eyzat [10]:

N 3.402 _ Q
7= 0.01768 (CI)O_O> p T exp (32?0> (6. 3)

where ON is the octane number of the fuel, p is the absolute pressure in atmospheres and T is
the temperature in Kelvin. A generalized expression for t is also available which can
reproduce many existing Arrhenius correlations. The form of the correlation is

ON\*® E.
T=A (—) PP TRPM?@? exp ( ) (6. 4)

100 RT

where A is the pre-exponential (with units in seconds), RPM is the engine speed in cycles per
minute and @ is the fuel/air equivalence ratio.

Energy Release

Once ignition has occurred in the domain, the knock event is modeled by releasing the
remaining fuel energy with a single-step Arrhenius reaction. An additional source term, which
burns the remaining fuel in that cell, is added to the rate term in the premixed model. The
reaction rate is given by
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@
RT

w = Apexp (6. 5)

where Ao = 8:6 x 109, and Ea = -15078. These values are chosen to reect single-step reaction
rates appropriate for propane as described in Amsden [3]. The rate at which the fuel is
consumed is limited such that a completely unburned cell will burn during three of the current
time steps. Limiting the reaction rate is done purely for numerical stability.

6.5. Ignition Delay Modeling

When modeling ignition delay in diesel engines, chemical reactions are allowed to occur
when the ignition species reaches a value of 1 in the domain. For the ignition delay model,
two correlations are built into FLUENT, one given by Hardenburg and Hase [20] and the
other, a generalized model which reproduces several Arrhenius correlations from the
literature.

If the ignition species is less than 1 when using the ignition delay model, the chemical source
term is suppressed by not activating the combustion model at that particular time step; thus,
the energy release is delayed. This approach is reasonable if the user has a good high-
temperature chemical model, but does not wish to solve for typically expensive low
temperature chemistry.

6.6. Modeling of the Source Term
In order to model ignition in a physically realistic manner, the source term is accumulated

under appropriate conditions in a cell. Consider the one dimensional spray in Figure 6.2.
Here, the spray is propagating from left to right and the fuel mass fraction is

y—fu el

X
Figure 19.2.2: Propagating Fuel Cloud Showing Accumulation of Source Terms for the
Ignition Delay Model

relatively low in front of the spray and high behind the spray. If there is no fuel in the cell, the

model will set the local source term to zero, nevertheless, the value of Yig can be nonzero due
to convection and diffusion.

6.7. Correlations

If fuel is present in the cell, there are two built-in options in FLUENT to calculate the local
source term. The first correlation was done by Hardenburg and Hase and was developed at
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Daimler Chrysler for heavy duty diesel engines. The correlation works over a reasonably wide
range of conditions and is given by

Cy + 0223}3 1 1 21.2 p
| —— —F X Fol— _
i ( 6N )E“) { o (RT 7, 190) * (p ~ 19_4) } (6. 6)

where fid is in seconds, C1 is 0.36, N is engine speed in revolutions per minute, Ea is the
effective activation energy and ep is the pressure exponent. The expression for the effective
activation energy is given by

En

= —=—Q (6. 7)
CN+25

L

where CN is the cetane number. The activation energy, Ehh, pre-exponential, C1, pressure
exponent, ep, and cetane number, CN, are accessible from the GUI. The default values of
these variables are listed in the table below.

Table 6.1: Default Values of the Variables in the Hardenburg Correlation

Variable Erp CN | ¢4 €p
Default | 618.840 | 25 1036 | 0.63

The second correlation, which is the generalized correlation, and is available for ignition
delay calculations.

Energy Release

If the ignition species is greater than or equal to 1 anywhere in the domain, ignition has
occurred and combustion is no longer delayed. The ignition species acts as a switch to turn on
the volumetric reactions in the domain. Note that the ignition species \mass fraction" can
exceed 1 in the domain, therefore, it is not truly a mass fraction, but rather a passive scalar
which represents the integrated correlation as a function of time.

6.8. Using the Autoignition Models

To activate the autoignition model, perform the following steps:

1. Select Unsteady from the Time list in the Solver panel.

2. Select an appropriate reaction model in the Define/Models/Species submenu.

Define — Models — Species — Transport & Reaction...

3. The models in the Species Model panel that are compatible with the autoignition model are
Species Transport, Premixed Combustion, and Partially Premixed Combustion.

I If you select Species Transport, you must also enable the Volumetric option in the
Reactions group box.

11 The Premixed Combustion and Partially Premixed Combustion models are

only available for turbulent lows using the pressure-based solver.

4. The Define/Models/Species submenu contains the Autoignition... model, which is now
selectable. Select the Autoignition... model.
o If Species Transport is selected in the Species Model panel, you can only select the
Ignition Delay Model.
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Autoignition Model @
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Figure 6.3: The Ignition Delay Model in the Autoignition Model Panel

o If Premixed Combustion is selected in the Species Model panel, you can only select

Autoignition Model @

the Knock Model.

Model

« Off
" Knock Model

OK ‘ Cancel|

Help |

Figure 6.4: The Knock Model in the Autoignition Model Panel

o If Partially Premixed Combustion is selected in the Species Model panel, you can
select either the Knock Model or the Ignition Delay Model.

5. When the Ignition Delay Model is enabled, the panel expands to include the modeling
parameters for this model (Figure 6.5). The two correlation options that exist with this
model are the Hardenburg and the Generalized. Depending on which correlation option is
selected, the appropriate modeling parameters will appear in the panel.

Autoignition Model @

Model

C Off
" Knock Model

Options

T Hardenburg
-

* Generalized

@ Ignition Delay Model

Model Parameters

Pre-Exponential [s]

Temperature Exponent

|n.nnns

Activation Energy [jimol] RPM Exponent

|-n.15

|1aua

Pressure Exponent

Equivalance Ratio Exponent

Octane Number

Octane Number Exponent

|9a

OK | Cancel|

Help |

Figure 6.5: The Ignition Delay Model for the Partially Premixed Combustion

Model



e The Hardenburg option is typically used for heavy duty diesel engines. A Fuel Species is
selected from the drop-down list and the Pre-Exponential, Pressure Exponent, Activation
Energy, and Cetane Number are entered using the GUI. Default values of these
parameters can be found in Table 6.1.

e The Generalized option is described by Equation:.

= A (Y S rerpMADd exp (—Ee
a-A(IOOJ pTRPM@eXp(RT> (6. 8)

Similarly to the Hardenburg option, a Fuel Species is selected from the drop-down list
and the Pre-Exponential, Temperature Exponent, Activation Energy, RPM Exponent,
Pressure Exponent, Equivalence Ratio Exponent, Octane Number, and Octane Number
Exponent are entered using the GUI.

6. When the Knock Model is enabled, the panel expands to include modeling parameters for
this model. The two correlation options that exist with this model are the Douaud and the
Generalized. Depending on which correlation option is selected, the appropriate modeling
parameters will appear in the panel.

Autoignition Model @

Model Model Parameters
 Off Pre-Exponential [s] Pressure Exponent
* Knock Model |(l. 01768 |—1 -7

" Ignition Delay Model
Activation Temperature (k] Octane Number

Options |38I]Il |9[|
o
* Douaud Octane Exponent

" Generalized 3.462

OK | Canl:ell Help‘

Figure 6.6: The Knock Model with the Partially Premixed Combustion
Model Enabled

e The Douaud option is used for knock in Sl engines. The modeling parameters that are
specified in the GUI for this option are the Pre-Exponential, Pressure Exponent,
Activation Temperature, Octane Number, and Octane Exponent.

e The Generalized option in the knock model requires the same parameters as in the
ignition delay model.
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7. MODELING SPECIES TRANSPORT AND FINITE-
RATE CHEMISTRY [14]

FLUENT can model the mixing and transport of chemical species by solving conservation
equations describing convection, diffusion, and reaction sources for each component species.
Multiple simultaneous chemical reactions can be modeled, with reactions occurring in the
bulk phase (volumetric reactions) and/or on wall or particle surfaces. Species transport
modeling capabilities, both with and without reactions, and the inputs you provide when using
the model are described in this chapter.

7.1. Theory

Species Transport Equations

When you choose to solve conservation equations for chemical species, FLUENT predicts
the local mass fraction of each species, Y j, through the solution of a convection-diffusion
equation for the ith species. This conservation equation takes the following general form:

%{p}’e)+v-(pﬁﬁ)=—v-ﬁ+ag+5¢ (7. 1)

where R j is the net rate of production by chemical reaction (described later in this section)
and S ; is the rate of creation by addition from the dispersed phase plus any user-defined
sources. An equation of this form will be solved for N-1 species where N is the total number
of fluid phase chemical species present in the system. Since the mass fraction of the species
must sum to unity, the Nth mass fraction is determined as one minus the sum of the N-1
solved mass fractions. To minimize numerical error, the Nth species should be selected as that
species with the overall largest mass fraction, such as N ; when the oxidizer is air.

Mass Diffusion in Laminar Flows

Ji
In Equation 7. 1, is the diffusion flux of species i, which arises due to concentration
gradients. By default, FLUENT uses the dilute approximation, under which the diffusion flux
can be written as

Ji = —pDimVY; 7.2
Here D i n, is the diffusion coefficient for species i in the mixture.

For certain laminar flows, the dilute approximation may not be acceptable, and full
multicomponent diffusion is required. In such cases, the Maxwell-Stefan equations can be
solved.
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Mass Diffusion in Turbulent Flows

In turbulent flows, FLUENT computes the mass diffusion in the following form:

Ji= — (pDim+ &) v 7.3
Sey

Sci o
where is the turbulent Schmidt number, et (with a default setting of 0.7). Note that
turbulent diffusion generally overwhelms laminar diffusion, and the specification of detailed
laminar diffusion properties in turbulent flows is not warranted.

Treatment of Species Transport in the Energy Equation

For many multicomponent mixing flows, the transport of enthalpy due to species diffusion
LLJ —
V- [Z heJe]

can have a significant effect on the enthalpy field and should not be neglected. In particular,
when the Lewis humber

k
Tlej= ——— (7. 4)
' pchi,m

for any species is far from unity, neglecting this term can lead to significant errors. FLUENT
will include this term by default. In Equation 7. 4, k is the thermal conductivity.

Diffusion at Inlets

For the segregated solver in FLUENT, the net transport of species at inlets consists of both
the convection and diffusion components. (For the coupled solvers, only the convection
component is included.) The convection component is fixed by the inlet species concentration
specified by you. The diffusion component, however, depends on the gradient of the
computed species concentration field. Thus the diffusion component (and therefore the net
inlet transport) is not specified a priori.

The Generalized Finite-Rate Formulation for Reaction Modeling

The reaction rates that appear as source terms are computed in FLUENT by one of three
models:

e Laminar finite-rate model: The effect of turbulent fluctuations are ignored, and
reaction rates are determined by Arrhenius expressions.
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o Eddy-dissipation model: Reaction rates are assumed to be controlled by the
turbulence, so expensive Arrhenius chemical kinetic calculations can be avioded.

o Eddy-dissipation-concept (EDC) model: Detailed Arrhenius chemical kinetics can be
incorporated in turbulent flames. Note that detailed chemical kinetic calculations are
computationally expensive.

The generalized finite-rate formulation is suitable for a wide range of applications including
laminar or turbulent reaction systems, and combustion systems with premixed, non-premixed,
or partially-premixed flames.

The Laminar Finite-Rate Model

The laminar finite-rate model computes the chemical source terms using Arrhenius
expressions, and ignores the effects of turbulent fluctuations. The model is exact for laminar
flames, but is generally inaccurate for turbulent flames due to highly non-linear Arrhenius
chemical kinetics. The laminar model may, however, be acceptable for combustion with
relatively slow chemistry and small turbulent fluctuations, such as supersonic flames.

The net source of chemical species i due to reaction R ; is computed as the sum of the
Arrhenius reaction sources over the N g reactions that the species participate in:

Ng
R'i = Mwai Z R'i:r (7.5)
r=1
Ry
where M, i is the molecular weight of species i and is the Arrhenius molar rate of

creation/destruction of species i in reaction r. Reaction may occur in the continuous phase
between continuous-phase species only, or at wall surfaces resulting in the surface deposition
or evolution of a continuous-phase species.

Consider the rth reaction written in general form as follows:

L N

N —
' N I 7.6
3 v M kg ST VLM; (7. 6)
i=1 i=1
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where

N = number of chemical species in the system
AL = stoichiometric coefficient for reactant i in reaction r
1
‘.-"_ = stoichiometric coefficient for product i in reaction r
M; = symbol denoting species i
kr = forward rate constant for reaction r
kb r = backward rate constant for reaction r

Equation 7. 6 is valid for both reversible and non-reversible reactions. (Reactions in
FLUENT are non-reversible by default.) For non-reversible reactions, the backward rate
constant, K p, r, is simply omitted.

The summations in Equation 7. 6 are for all chemical species in the system, but only species
that appear as reactants or products will have non-zero stoichiometric coefficients. Hence,
species that are not involved will drop out of the equation.

-~

Ry,
The molar rate of creation/destruction of species i in reaction r ( in Equation 7. 5) is
given by
~ Ny Ke ’
Rip =T (vi, — ;) (kf,r IL (Gl o [ [c,.,,]n;,.) (7. 7)
j=1 j=1

where

P
1]

number of chemical species in reaction r

(@]
1

molar concentration of each reactant and product

species j in reaction r (kgmol/m 3)
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'I; ;- forward rate exponent for each reactant and product
species j in reaction r
7];,1' = backward rate exponent for each reactant and product

species j in reaction r

T'represents the net effect of third bodies on the reaction rate. This term is given by
Ny
=3 7%:C; (- 8)
g

Yir . . - . . .
where s the third-body efficiency of the jth species in the rth reaction. By default,
FLUENT does not include third-body effects in the reaction rate calculation. You can,

however, opt to include the effect of third-body efficiencies if you have data for them.

The forward rate constant for reaction r, k ¢ , is computed using the Arrhenius expression

Ky =ArT8re—Er!RT (7. 9)
where
A, = pre-exponential factor (consistent units)
B = temperature exponent (dimensionless)
E = activation energy for the reaction (J/kgmol)
R = universal gas constant (J/kgmol-K)
e W Wy Wy B
You (or the database) will provide values for , ', " " 7T AL E . and,

optionally, ! 1-durlng the problem definition in FLUENT.

If the reaction is reversible, the backward rate constant for reaction r, k , r, is computed from
the forward rate constant using the following relation:
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ki
= (7. 10)
kb,r K,

where K ; is the equilibrium constant for the rth reaction, computed from

Ngr
"o
oo (52 802) (a5
" R RT RT

Patm . . .
where denotes atmospheric pressure (101325 Pa). The term within the exponential
function represents the change in Gibbs free energy, and its components are computed as
follows:

N

Agf _ Z (y‘!:r _ :’r) % (7. 12)
=1
N 0

ARJ:? =y (y;:r _ ,_.-:."r) % (7. 13)
=1

where S ; ® and h ; ° are the standard-state entropy and standard-state enthalpy (heat of
formation). These values are specified in FLUENT as properties of the mixture material.

Pressure-Dependent Reactions

FLUENT can use one of three methods to represent the rate expression in pressure-dependent
(or pressure fall-off) reactions. A ““fall-off" reaction is one in which the temperature and
pressure are such that the reaction occurs between Arrhenius high-pressure and low-pressure
limits, and thus is no longer solely dependent on temperature.

There are three methods of representing the rate expressions in this fall-off region. The
simplest one is the Lindemann [ 20] form. There are also two other related methods, the True
method [ 32] and the SRI method [ 27], that provide a more accurate description of the fall-off
region.

Arrhenius rate parameters are required for both the high- and low-pressure limits. The rate
coefficients for these two limits are then blended to produce a smooth pressure-dependent rate
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expression. In Arrhenius form, the parameters for the high-pressure limit ( k) and the low-
_ Fow
pressure limit ( ) are as follows:

k

ATPe—E/RT (7. 14)

Kow = AjgyTFlowe™Fion/ BT (7. 15)

The net rate constant at any pressure is then taken to be

Pr
—k ( ) P (7. 16)
knet 1 +py
where p , is defined as
— kkL[ﬂ'ﬂ (7. 17)
k

and [M] is the concentration of the bath gas, which can include third-body efficiencies. If the
function F in Equation 7. 16 is unity, then this is the Lindemann form. FLUENT provides
two other forms to describe F, namely the Troe method and the SRI method.

In the Troe method, F is given by

-1
logpr +¢ 12
log F' = 1—|—[ log F, (7. 18)

g { n—d(logpr+c) g cent

where
c = —0.4—0.67log Frent (7. 19)
n=0.75 —1.27log Feent (7. 20)
d=0.14 (7. 21)
and

Freny = (1 — a)e—TfTs + ae—Tle +6—T1.|"T (7. 22)

The parameters @, T 3, T ,,and T ; are specified as inputs.

92



In the SRI method, the blending function F is approximated as

F=d [aexp (_—b) +exp (i)]xT“3 (7. 23)
T c
where
- 1 (7. 24)
~ 1+1log’p, '

Kiow
In addition to the three Arrhenius parameters for the low-pressure limit ( ) expression,
you must also supply the parameters a, b, c, d, and e in the F expression.

The Eddy-Dissipation Model

Most fuels are fast burning, and the overall rate of reaction is controlled by turbulent mixing.
In non-premixed flames, turbulence slowly convects/mixes fuel and oxidizer into the reaction
zones where they burn quickly. In premixed flames, the turbulence slowly convects/mixes
cold reactants and hot products into the reaction zones, where reaction occurs rapidly. In such
cases, the combustion is said to be mixing-limited, and the complex, and often unknown,
chemical kinetic rates can be safely neglected.

FLUENT provides a turbulence-chemistry interaction model, based on the work of
Magnussen and Hjertager [23], called the eddy-dissipation model. The net rate of production
of species i due to reaction r, R i r, is given by the smaller (i.e., limiting value) of the two
expressions below:

Y
! Mo Ap s mi L (7. 25)
R"r vt,f w pk mﬁ."n ( L;R,TMW)R
€ YpYp

Riy = v} My iABp (7. 26)

SN .
k¥ v M,

where Y p is the mass fraction of any product species, P

Yx is the mass fraction of a particular reactant, &

A isan empirical constant equal to 4.0
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B isanempirical constant equal to 0.5

In Equations 7. 25 and 7. 26, the chemical reaction rate is governed by the large-eddy
kie
mixing time scale, / , as in the eddy-breakup model of Spalding [26]. Combustion
kfe>0

proceeds whenever turbulence is present ( ), and an ignition source is not required to
initiate combustion. This is usually acceptable for non-premixed flames, but in premixed
flames, the reactants will burn as soon as they enter the computational domain, upstream of
the flame stabilizer. To remedy this, FLUENT provides the finite-rate/eddy-dissipation
model, where both the Arrhenius (Equation 7. 7), and eddy-dissipation (Equations 7. 25 and
7. 26) reaction rates are calculated. The net reaction rate is taken as the minimum of these two
rates. In practice, the Arrhenius rate acts as a kinetic ““switch", preventing reaction before the
flame holder. Once the flame is ignited, the eddy-dissipation rate is generally smaller than the
Arrhenius rate, and reactions are mixing-limited.

Il Although FLUENT allows multi-step reaction mechanisms (number of reactions > 2) with
the eddy-dissipation and finite-rate/eddy-dissipation models, these will likely produce
incorrect solutions. The reason is that multi-step chemical mechanisms are based on
Arrhenius rates, which differ for each reaction. In the eddy-dissipation model, every reaction
has the same, turbulent rate, and therefore the model should be used only for one-step
(reactant — product), or two-step (reactant —+intermediate, intermediate —* product) global
reactions. The model cannot predict kinetically controlled species such as radicals. To
incorporate multi-step chemical kinetic mechanisms in turbulent flows, use the EDC model
(described below).

Il The eddy-dissipation model requires products to initiate reaction (see Equation 7. 26).
When you initialize the solution, FLUENT sets the product mass fractions to 0.01, which is
usually sufficient to start the reaction. However, if you converge a mixing solution first,
where all product mass fractions are zero, you may then have to patch products into the
reaction zone to ignite the flame. See Section 7. 27 for details.

The Eddy-Dissipation Model for LES

e/k
When the LES turbulence model is used, the turbulent mixing rate, in Equations 7. 25
and 7. 26, is replaced by the subgrid-scale mixing rate. This is calculated as

r;,; = /25i;Sij (7. 27)

where

Ts—yé = subgrid-scale mixing rate (s ™)
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Sij =1 (3_ﬂL + i“l)
2\ 8z Az . N
= strain rate tensor (s ™)

The Eddy-Dissipation-Concept (EDC) Model

The eddy-dissipation-concept (EDC) model is an extension of the eddy-dissipation model to
include detailed chemical mechanisms in turbulent flows [22]. It assumes that reaction occurs
in small turbulent structures, called the fine scales. The volume fraction of the fine scales is
modeled as [9]

3/
e
£ =0Ce (@) (7. 28)

where * denotes fine-scale quantities and

volume fraction constant = 2.1377

Ce

=
1

kinematic viscosity

Species are assumed to react in the fine structures over a time scale

1/2
e (E) (7. 29)

Cr
where is a time scale constant equal to 0.4082.

In FLUENT, combustion at the fine scales is assumed to occur as a constant pressure reactor,
with initial conditions taken as the current species and temperature in the cell. Reactions

proceed over the time scale 7%, governed by the Arrhenius rates of Equation 7. 7, and are
integrated numerically with the stiff ordinary differential equation solver CVODE [8]. The
species state after reacting for a time 7* is denoted by Y ;.

The source term in the conservation equation for the mean species i, Equation 7. 1, is
modeled as

p(&*)?

= e

(Y — ) (7. 30)
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The EDC model can incorporate detailed chemical mechanisms into turbulent reacting flows.
However, typical mechanisms are invariably stiff and their numerical integration is
computationally costly. Hence, the model should be used only when the assumption of fast
chemistry is invalid, such as modeling the slow CO burnout in rapidly quenched flames, or
the NO conversion in selective non-catalytic reduction (SNCR).

The double-precision solver is recommended to avoid round-off errors that may occur as a
consequence of the large pre-exponential factors and activation energies inherent in stiff
mechanisms.

7.2. Overview of User Inputs for Modeling Species Transport
and Reactions

The basic steps for setting up a problem involving species transport and reactions are listed
below.

1
Enable species transport and volumetric reactions, and specify the mixture material.
2.
If you are also modeling wall or particle surface reactions, turn on wall surface and/or
particle surface reactions as well.
3.
Check and/or define the properties of the mixture. Mixture properties include the
following:
e species in the mixture
e reactions
« other physical properties (e.g., viscosity, specific heat)
4.
Check and/or set the properties of the individual species in the mixture.
5.

Set species boundary conditions.

In many cases, you will not need to modify any physical properties because the solver gets
species properties, reactions, etc. from the materials database when you choose the mixture
material. Some properties, however, may not be defined in the database. You will be warned
when you choose your material if any required properties need to be set, and you can then
assign appropriate values for these properties. You may also want to check the database
values of other properties to be sure that they are correct for your particular application. For
details about modifying an existing mixture material or creating a new one from scratch.
Modifications to the mixture material can include the following:

o Addition or removal of species

e Changing the chemical reactions
o Modifying other material properties for the mixture
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o Modifying material properties for the mixture's constituent species

If you are solving a reacting flow, you will usually want to define the mixture's specific heat
as a function of composition, and the specific heat of each species as a function of
temperature. You may want to do the same for other properties as well. By default, constant
properties are used, but for the properties of some species, there is a piecewise-polynomial
function of temperature that exists in the database and is available for your use. You may also
choose to specify a different temperature-dependent function if you know of one that is more
suitable for your problem.

Mixture Materials

The concept of mixture materials has been implemented in FLUENT to facilitate the setup of
species transport and reacting flow. A mixture material may be thought of as a set of species
and a list of rules governing their interaction. The mixture material carries with it the
following information:

« Alist of the constituent species, referred to as ~ fluid" materials

o A list of mixing laws dictating how mixture properties (density, viscosity, specific
heat, etc.) are to be derived from the properties of individual species if composition-
dependent properties are desired

o A direct specification of mixture properties if composition-independent properties are
desired

« Diffusion coefficients for individual species in the mixture

e Other material properties (e.g., absorption and scattering coefficients) that are not
associated with individual species

e A set of reactions, including a reaction type (finite-rate, eddy-dissipation, etc.) and
stoichiometry and rate constants

Both mixture materials and fluid materials are stored in the FLUENT materials database.
Many common mixture materials are included (e.g., methane-air, propane-air). Generally,
one/two-step reaction mechanisms and many physical properties of the mixture and its
constituent species are defined in the database. When you indicate which mixture material
you want to use, the appropriate mixture material, fluid materials, and properties are loaded
into the solver. If any necessary information about the selected material (or the constituent
fluid materials) is missing, the solver will inform you that you need to specify it. In addition,
you may choose to modify any of the predefined properties. See Section 7.1.2 for information
about the sources of FLUENT's database property data.

For example, if you plan to model combustion of a methane-air mixture, you do not need to
explicitly specify the species involved in the reaction or the reaction itself. You will simply
select methane-air as the mixture material to be used, and the relevant species (CH 4, O 2,
CO ,, H ,0, and N ;) and reaction data will be loaded into the solver from the database. You
can then check the species, reactions, and other properties and define any properties that are
missing and/or modify any properties for which you wish to use different values or functions.
You will generally want to define a composition- and temperature-dependent specific heat,
and you may want to define additional properties as functions of temperature and/or
composition.
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The use of mixture materials gives you the flexibility to use one of the many predefined
mixtures, modify one of these mixtures, or create your own mixture material.

7.2.1. Enabling Species Transport and Reactions and Choosing
the Mixture Material

The problem setup for species transport and volumetric reactions begins in the Species Model
panel (Figure 7. 1).

Define —» Models —* Species...

=| Species Model
Model Mixture Properties
- OFF Mixture Material

“ Species Transport methane —air |j \.Fiew...l

~ Mon-Premized Combustion

F o eI el ComEUStion Humber OF Volumetric Species | 5

+ Partially Premixed Combustion

Reactions Turbulence -Chemistry Interaction
I Volumetric “* Laminar Finite —Rate
A Wall Surface + Finite-Rate / Eddy-Dissipation
- Particle Surface + Eddy-Dissipation
+ EDC
Options

I7 Diffusion Energy Source
- Full Multicomponent Diffusion
- Thermal Diffusion

OK Cancel Help

Figure 7. 1: The Species Model Panel

1.

Under Model, select Species Transport.
2.

Under Reactions, turn on Volumetric Reactions.
3.

In the Mixture Material drop-down list under Mixture Properties, choose which
mixture material you want to use in your problem. The drop-down list will include all
of the mixtures that are currently defined in the database. To check the properties of a
mixture material, select it and click the View... button. If the mixture you want to use
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is not in the list, choose the mixture-template material,. If there is a mixture material
listed that is similar to your desired mixture, you may choose that material on
modifying properties of an existing material.

When you choose the Mixture Material, the Number of Volumetric Species in the
mixture will be displayed in the panel for your information.

Choose the Turbulence-Chemistry Interaction model. Four models are available:
Laminar Finite-Rate

computes only the Arrhenius rate (see Equation 7. 7) and neglects turbulence-
chemistry interaction.

Eddy-Dissipation
(for turbulent flows) computes only the mixing rate (see Equations 7. 25 and 7. 26).
Finite-Rate/Eddy-Dissipation

(for turbulent flows) computes both the Arrhenius rate and the mixing rate and uses
the smaller of the two.

EDC

(for turbulent flows) models turbulence-chemistry interaction with detailed chemical
mechanisms (see Equations 7. 25 and 7. 26).

If you selected EDC, you have the option to modify the Volume Fraction Constant

C C.
and the Time Scale Constant ( £in Equation 7. 28 and 1'in Equation 7. 29),

although the default values are recommended. Further, to reduce the computational
expense of the chemistry calculations, you can increase the number of Flow Iterations
Per Chemistry Update. By default, FLUENT will update the chemistry one per 10
flow iterations.

(optional) If you want to model full multicomponent diffusion or thermal diffusion,
turn on the Full Multicomponent Diffusion or Thermal Diffusion option.
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7.2.2. Defining Properties for the Mixture and Its Constituent Species

Remember that you will need to define properties for the mixture material and also for its
constituent species. It is important that you define the mixture properties before setting any
properties for the constituent species, since the species property inputs may depend on the
methods you use to define the properties of the mixture. The recommended sequence for
property inputs is as follows:

1.
Define the mixture species, and reaction(s), and define physical properties for the mixture.
Remember to click on the Change/Create button when you are done setting properties for the
mixture material.

2.

Define physical properties for the species in the mixture. Remember to click on the
Change/Create button after defining the properties for each species.

Define —+ Materials...

Defining the Species in the Mixture

If you are using a mixture material from the database, the species in the mixture will already
be defined for you. If you are creating your own material or modifying the species in an

existing material, you will need to define them yourself.

In the Materials panel (Figure 7.2), check that the Material Type is set to mixture and your
mixture is selected in the Mixture Materials list. Click on the Edit... button to the right of
Mixture Species to open the Species panel (Figure 7.3).
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Figure 7.2: The Materials Panel (showing a mixture material)
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Figure 7.3: The Species Panel
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Overview of the Species Panel

In the Species panel, the Selected Species list shows all of the fluid-phase species in the
mixture. If you are modeling wall or particle surface reactions, the Selected Surface Species
list will show all of the surface species in the mixture. Surface species are species that are
created or evolved from wall boundaries or discrete-phase particles (e.g., Si(s)) and do not
exist as fluid-phase species.

Il The order of the species in the Selected Species list is very important. FLUENT considers
the last species in the list to be the bulk species. You should therefore be careful to retain the
most abundant species (by mass) as the last species when you add species to or delete species
from a mixture material.

The Available Materials list shows materials that are available but not in the mixture.
Generally you will see air in this list, since air is always available by default.

Adding Species to the Mixture

If you are creating a mixture from scratch or starting from an existing mixture and adding
some missing species, you will first need to load the desired species from the database (or
create them, if they are not present in the database) so that they will be available to the solver.
The procedure for adding species is listed below. (You will need to close the Species panel
before you begin, since it is a "modal" panel that will not allow you to do anything else when
it is open.)

1.

In the Materials panel, click on the Database... button to open the Database Materials panel
and copy the desired species. Remember that the constituent species of the mixture are fluid
materials, so you should select fluid as the Material Type in the Database Materials panel to
see the correct list of choices. Note that available solid species (for surface reactions) are also
contained in the fluid list.

11 If you do not see the species you are looking for in the database, you can create a
new fluid material for that species, and then continue with step 2, below.

Re-open the Species panel, as described above. You will see that the fluid materials you
copied from the database (or created) are listed in the Available Materials list.

To add a species to the mixture, select it in the Available Materials list and click on the Add
button below the Selected Species list (or below the Selected Surface Species list, to define a
surface species). The species will be added to the end of the Selected Species (or Selected
Surface Species) list and removed from the Available Materials list.
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Repeat the previous step for all the desired species. When you are finished, click on the OK
button.

Il Adding a species to the list will alter the order of the species. You should be sure that the
last species in the list is the bulk species, and you should check any boundary conditions,
under-relaxation factors, or other solution parameters that you have set, as described in detail
below.

Removing Species from the Mixture

To remove a species from the mixture, simply select it in the Selected Species list (or the
Selected Surface Species list) and click on the Remove button below the list. The species
will be removed from the list and added to the Available Materials list.

Il Removing a species from the list will alter the order of the species. You should be sure that
the last species in the list is the bulk species, and you should check any boundary conditions,
under-relaxation factors, or other solution parameters that you have set, as described in detail
below.

Reordering Species

If you find that the last species in the Selected Species list is not the most abundant species
(as it must be), you will need to rearrange the species to obtain the proper order.

1.

Remove the bulk species from the Selected Species list. It will now appear in the Available
Species list.

Add the species back in again. It will automatically be placed at the end of the list.
The Naming and Ordering of Species

As discussed above, you must retain the most abundant species as the last one in the Selected
Species list when you add or remove species. Additional considerations you should be aware
of when adding and deleting species are presented here.

There are three characteristics of a species that identify it to the solver: name, chemical
formula, and position in the list of species in the Species panel. Changing these characteristics
will have the following effects:

e You can change the Name of a species without any consequences.

e You should never change the given Chemical Formula of a species.

e You will change the order of the species list if you add or remove any species. When this
occurs, all boundary conditions, solver parameters, and solution data for species will be reset
to the default values. (Solution data, boundary conditions, and solver parameters for other
flow variables will not be affected.) Thus, if you add or remove species you should take care
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to redefine species boundary conditions and solution parameters for the newly defined
problem. In addition, you should recognize that patched species concentrations or
concentrations stored in any data file that was based on the original species ordering will be
incompatible with the newly defined problem. You can use the data file as a starting guess, but
you should be aware that the species concentrations in the data file may provide a poor initial
guess for the newly defined model.

Defining Reactions

If your FLUENT model involves chemical reactions, you can next define the reactions in
which the defined species participate. This will be necessary only if you are creating a
mixture material from scratch, you have modified the species, or you want to redefine the
reactions for some other reason.

Depending on which turbulence-chemistry interaction model you selected in the Species
Model panel, the appropriate reaction mechanism will be displayed in the Reaction drop-
down list in the Materials panel. If you are using the laminar finite-rate or EDC model, the
reaction mechanism will be finite-rate; if you are using the eddy-dissipation model, the
reaction mechanism will be eddy-dissipation; if you are using the finite-rate/eddy-dissipation
model, the reaction mechanism will be finite-rate/eddy-dissipation.

Inputs for Reaction Definition

To define the reactions, click on the Edit... button to the right of Reaction. The Reactions panel
(Figure 7.4) will open.

= Reactions

Mixture | methane—air Total Humber of Reactions | 1 ¢

Reaction 1D Reaction Type

I 1 ¢ | “ Yolumetric ~ Wall Surface -+~ Particle Surface

Humber of Reactants | 2 Q, Mumber of Products | 2 ¢

Stoich. Rate & Stoich, Rate
Species Coefficient Exponent Species Coefficient Exponent

300 17 | S0 e
] o | [0 e

Awhenius Rate By Bty
Pre-exponential Fan:tnrl 2,119e+11 AI K 3 I g%
Activation Energy (jkgmol) | 2.027e+08
Temperature Exponent IO—

1 Include Backward Reaction

=i Third Body Efficiencies  u..oq.

= Pressure Dependent Reaction 0030

o | Camcel|  Help |

Figure 7.4: The Reactions Panel
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The steps for defining reactions are as follows:

1.

Set the total number of reactions (volumetric reactions, wall surface reactions, and particle
surface reactions) in the Total Number of Reactions field. (Use the arrows to change the
value, or type in the value and press RETURN.)

Note that if your model includes discrete-phase combusting particles, you should
include the particulate surface reaction(s) (e.g., char burnout, multiple char oxidation)
in the number of reactions only if you plan to use the multiple surface reactions model
for surface combustion.

Set the Reaction ID of the reaction you want to define. (Again, if you type in the value be
sure to press RETURN.)

If this is a fluid-phase reaction, keep the default selection of Volumetric as the Reaction
Type. If this is a wall surface reaction or a particle surface reaction, select Wall Surface or
Particle Surface as the Reaction Type

Specify how many reactants and products are involved in the reaction by increasing the value

of the Number of Reactants and the Number of Products. Select each reactant or product in

the Species drop-down list and then set its stoichiometric coefficient and rate exponent in the

appropriate Stoich. Coefficient and Rate Exponent fields. (The stoichiometric coefficient is
v v

1,7 T
the constant  or ' in Equation 7. 6 and the rate exponent is the exponent on the

T 1

) 7 L .
reactant or product concentration, ~ or in Equation 7.7.)

There are two general classes of reactions that can be handled by the Reactions panel,
so it is important that the parameters for each reaction are entered correctly. The
classes of reactions are as follows:

o Global forward reaction (no reverse reaction): Product species generally do not affect

R
the forward rate, so the rate exponent for all products ( o ) should be 0. For reactant

. 3T . L
species, set the rate exponent ( ' ) to the desired value. If such a reaction is not an
elementary reaction, the rate exponent will generally not be equal to the stoichiometric

i,r
coefficient () for that species. An example of a global forward reaction is the
combustion of methane:

105



106

CHy + 202 — CO3 + 2H20 (7. 31)

IIEH‘=1 %H‘=U.2 l/()!=2 %2=1.3 I/CrOz:].
where , , , )

7%0‘.1:0 Dﬁ‘zO=2 ﬂﬁ:ﬂz
, , and

Note that, in certain cases, you may wish to model a reaction where product
species affect the forward rate. For such cases, set the product rate exponent (

J’r) to the desired value. An example of such a reaction is the gas-shift
reaction (see the carbon-monoxide-air mixture material in the Database
Materials panel), in which the presence of water has an effect on the reaction
rate:

CO + 102 + Ho0 — CO2 + H20 (7. 32)

In the gas-shift reaction, the rate expression may be defined as:

k[CO][02]"/4[H,0]'/? (7. 33)

where

UEO = 7]{30 =1 U:Dg =05 nrﬁg =0.25 "%02 =1
ﬂgoz =0 !ﬂzo =0 nl}fr[z() = 0.5
, ,and .

Reversible reaction: An elementary chemical reaction that assumes the rate exponent
for each species is equivalent to the stoichiometric coefficient for that species. An
example of an elementary reaction is the oxidation of SO , to SO j:

SOg + %02 = 503 (7. 34)

lfsoz =1 7%02 =1 I/()==0-5 %2=0-5 S..O_g:l
where , , , , , and

7%03 =1

See step 6 below for information about how to enable reversible reactions.



If you are using the laminar finite-rate, finite-rate/eddy-dissipation, or EDC model for the
turbulence-chemistry interaction, enter the following parameters for the Arrhenius rate under
the Arrhenius Rate heading:

Pre-exponential Factor

(the constant A , in Equation 7. 9). The units of A . must be specified such that the units of the

Ry,
molar reaction rate, in Equation 7.5, are moles/volume-time (e.g., kgmol/m 3-s) and the
units of the volumetric reaction rate, R ; in Equation 7. 6, are mass/volume-time (e.g., kg/m 3

s).

I 1t is important to note that if you have selected the British units system, the
Arrhenius factor should still be input in SI units. This is because FLUENT applies no
conversion factor to your input of A  (the conversion factor is 1.0) when you work in
v
i,
British units, as the correct conversion factor depends on your inputs for , ,etc.

Activation Energy
(the constant E , in the forward rate constant expression, Equation 7. 9).

Temperature Exponent

(the value for the constant ~ in Equation 7. 9).

Third Body Efficiencies

(the values for Yir in Equation 7. 8). If you have accurate data for the efficiencies and want
to include this effect on the reaction rate (i.e., include I'in Equation 7. 7), turn on the Third
Body Efficiencies option and click on the Specify... button to open the Reaction
Parameters panel (Figure 7.5). For each Species in the panel, specify the Third-body
Efficiency.
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— Reaction Parameters
3]
Third-body
Species Efficiency
| chd I 1
| o2 I 1
coZ I 1
| hZo I 1
| n2 I 1
Fi
ok | Cancet|  Help

Figure 7.5: The Reaction Parameters Panel

I1 1t is not necessary to include the third-body efficiencies. You should not enable the
Third Body Efficiencies option unless you have accurate data for these parameters.

Pressure Dependent Reaction

(if relevant) If you are using the laminar finite-rate or EDC model for turbulence-chemistry
interaction, and the reaction is a pressure fall-off reaction, turn on the Pressure Dependent
Reaction option for the Arrhenius Rate and click on the Specify... button to open the
Pressure-Dependent Reaction panel (Figure 7.6).



—|  Pressure-Dependent Reaction

Reaction Parameters

Bath Gas Concentration j

Low Pressure Arrhenins Rate

lin{Pre-exponential Factor) | 24,54

Activation Energy (jkgmol) | 1=+02

Temperature Exponent | ©

11

Troe parameters

Alpha | ©

Tk | o

T2ik) | ©

T3k | o

1]

0K Cancel | Help |

Figure 7.6: The Pressure-Dependent Reaction Panel

Under Reaction Parameters, select the appropriate Reaction Type (lindemann,
troe, or sri). Next, you must specify if the Bath Gas Concentration ([M] in Equation
7. 17) is to be defined as the concentration of the mixture, or as the concentration of
one of the mixture's constituent species, by selecting the appropriate item in the drop-
down list.

The parameters you specified under Arrhenius Rate in the Reactions panel represent
the high-pressure Arrhenius parameters. You can, however, specify values for the
following parameters under Low Pressure Arrhenius Rate:

In(Pre-exponential Factor)

Alow_ . . oW
( in Equation 7. 15) The pre-exponential factor is often an extremely large
number, so you will input the natural logarithm of this term.

2

Activation Energy

Brow _
( in Equation 7. 15)
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Temperature Exponent

0w

( in Equation 7. 15)

If you selected troe for the Reaction Type, you can specify values for Alpha, T1, T2,
and T3under Troe parameters. If you selected sri for the Reaction Type, you can
specify values for a, b, ¢, d, and e ( a, b, ¢, d, and e in Equation 7. 23) under SRI
parameters.

If you are using the laminar finite-rate or EDC model for turbulence-chemistry interaction,
and the reaction is reversible, turn on the Include Backward Reaction option for the
Arrhenius Rate. When this option is enabled, you will not be able to edit the Rate Exponent
for the product species, which instead will be set to be equivalent to the corresponding product
Stoich. Coefficient. If you do not wish to use FLUENT's default values, or if you are
defining your own reaction, you will also need to specify the standard-state enthalpy and
standard-state entropy, to be used in the calculation of the backward reaction rate constant
(Equation 7. 10). Note that the reversible reaction option is not available for either the eddy-
dissipation or the finite-rate/eddy-dissipation turbulence-chemistry interaction model.

If you are using the eddy-dissipation or finite-rate/eddy-dissipation model for turbulence-
chemistry interaction, you can enter values for A and B under the Mixing Rate heading. Note,
however, that these values should not be changed unless you have reliable data. In most cases
you will simply use the default values.

A is the constant A in the turbulent mixing rate (Equations 7. 25 and 7. 26) when it is
applied to a species that appears as a reactant in this reaction. The default setting of
4.0 is based on the empirically derived values given by Magnussen et al. [ 23].

B is the constant B in the turbulent mixing rate (Equation 7. 26) when it is applied to a
species that appears as a product in this reaction. The default setting of 0.5 is based on
the empirically derived values given by Magnussen et al. [ 23].

Repeat steps 2-7 for each reaction you need to define. When you are finished defining all
reactions, click OK.

Defining Species and Reactions for Fuel Mixtures

Quite often, combustion systems will include fuel that is not easily described as a pure species
(such as CH 4 or C ;H ). Complex hydrocarbons, including fuel oil or even wood chips, may
be difficult to define in terms of such pure species. However, if you have available the heating
value and the ultimate analysis (elemental composition) of the fuel, you can define an
equivalent fuel species and an equivalent heat of formation for this fuel. Consider, for
example, a fuel known to contain 50% C, 6% H, and 44% O by weight. Dividing by atomic
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weights, you can arrive at a “fuel" species with the molecular formula C 417H O 275. You
can start from a similar, existing species or create a species from scratch, and assign it a

X X X
molecular weight of 100.04 (4.17 12+6 1+275 16). The chemical reaction would
be considered to be

Ca.17Hg 09,75 + 4.29509 —+ 4.17CO2 + 3H0 (7. 35)

You will need to set the appropriate stoichiometric coefficients for this reaction.

The heat of formation (or standard-state enthalpy) for the fuel species can be calculated from
the known heating value AH since

N
AH =" h (u:f,. - u,f,,.) (7. 36)
i=1

where h ; ° is the standard-state enthalpy on a molar basis. Note the sign convention in

Equation 7.31: AH is negative when the reaction is exothermic.

Defining Physical Properties for the Mixture

When your FLUENT model includes chemical species, the following physical properties
must be defined, either by you or by the database, for the mixture material:

e density, which you can define using the gas law or as a volume-weighted function of
composition

e viscosity, which you can define as a function of composition

o thermal conductivity and specific heat (in problems involving solution of the energy equation),
which you can define as functions of composition.

o mass diffusion coefficients and Schmidt number, which govern the mass diffusion fluxes
(Equations 7.2 and 7. 3)

Detailed descriptions of these property inputs are provided in Chapter 7.

11 Remember to click on the Change/Create button when you are done setting the properties
of the mixture material. The properties that appear for each of the constituent species will
depend on your settings for the properties of the mixture material. If, for example, you specify
a composition-dependent viscosity for the mixture, you will need to define viscosity for each
species.

Defining Physical Properties for the Species in the Mixture

For each of the fluid materials in the mixture, you (or the database) must define the following
physical properties:

« molecular weight, which is used in the gas law and/or in the calculation of reaction rates and
mole-fraction inputs or outputs

¢ standard-state (formation) enthalpy and reference temperature (in problems involving solution
of the energy equation)
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e viscosity, if you defined the viscosity of the mixture material as a function of composition
« thermal conductivity and specific heat (in problems involving solution of the energy equation),

if you defined these properties of the mixture material as functions of composition

¢ standard-state entropy, if you are modeling reversible reactions

Detailed descriptions of these property inputs are provided in Chapter 7.

Il Global reaction mechanisms with one or two steps inevitably neglect the intermediate
species. In high-temperature flames, neglecting these dissociated species may cause the
temperature to be overpredicted. A more realistic temperature field can be obtained by
increasing the specific heat capacity for each species. Rose and Cooper [28] have created a set
of specific heat polynomials as a function of temperature. The specific heat capacity for each
species is calculated as

(T) =Y axT*
k=0

The modified ¢ , polynomial coefficients from [28] are provided in Table 7.1.

a;

a,

as

aag

ao
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Table 7.1: Modified ¢ , Polynomial Coefficients [28]

N

1.02705e+03

2.16182e-02

1.48638e-04

-4.48421e-08

Co,

5.35446e+02

CH,

2.00500e+03

-6.81428e-01

7.08589%e-03

-4.71368e-06

8.51317e-10

Hzo

1.93780e+03

co H,

1.4147e+04
1.04669e+03

-1.56841e-01 | 1.7372e-01
6.9e-04
5.39904e-04
-3.01061e-07 ---
5.05048e-11
oF

8.76317e+02

(7. 37)



a, -1.18077e+00
1.27867e+00 1.22828e-01

a,| -5.46776e-04
3.64357e-03 5.58304e-04

a3 | -2.38224e-07 -2.86327e-06 -1.20247e-06

aag

1.89204e-10 7.59578e-10 1.14741e-09
as - - -5.12377e-13
as - -

8.56597e-17

7.2.3. Defining Boundary Conditions for Species

You will need to specify the inlet mass fraction for each species in your simulation. In
addition, for pressure outlets you will set species mass fractions to be used in case of
backflow at the exit. At walls, FLUENT will apply a zero-gradient (zero-flux) boundary
condition for all species unless you have defined a surface reaction at that wall or you choose
to specify species mass fractions at the wall. Input of boundary conditions.

I Note that you will explicitly set mass fractions only for the first N-1 species. The solver will
compute the mass fraction of the last species by subtracting the total of the specified mass
fractions from 1. If you want to explicitly specify the mass fraction of the last species, you
must reorder the species in the list (in the Materials panel).

Diffusion at Inlets with the Segregated Solver

The species diffusion component at inlets (and therefore the net inlet transport) is not
specified when the segregated solver is used. In some cases, you may wish to include only the
convective transport of species through the inlets of your domain. You can do this by
disabling inlet species diffusion. By default, FLUENT includes the diffusion flux of species
at inlets. To turn off inlet diffusion, use the define/models/species-transport/inlet-diffusion?
text command.
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7.3. Theory

The Arrhenius Rate for Wall Surface Reactions

Consider the rth wall surface reaction written in general form as follows:

i=1 i=1
where N = total number of chemical species in the system
u:f'_ = stoichiometric coefficient for reactant i in
1
reaction r

V! = stoichiometric coefficient for product i in

reaction r

M; = symbol denoting species i

k¢, = forward rate constant for reaction r

(7. 37)

The summations in Equation 7. 1 are for all chemical species in the system, but only species
involved as reactants or products will have non-zero stoichiometric coefficients. Hence,

species that are not involved will drop out of the equation.

-~

Riy

The molar rate of creation/destruction of species i in reaction r ( in Equation 7. 5) is

given by
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Ny ,
Rig = (Vi — i) | ks TL (Gl (7. 38)
=1

where N, = number of chemical species in reaction r

Cir

molar concentration of each reactant and product
species j in reaction r (kgmol/m %)

forward rate exponent for each reactant and product

S
1]

species j in reaction r

The forward rate constant for reaction r, k  r, is computed using the Arrhenius expression

kpy = AcTPr e~ Erl BT (7. 39)

where A, = pre-exponential factor (consistent units)

B, = temperature exponent (dimensionless)

E . = activation energy for the reaction (J/kgmol)
R = universal gas constant (J/kgmol-K)
'
. . i!r l;‘:!r '?.;I!r
You (or the database) will provide values for , , , LApandE..

Wall Surface Reaction Boundary Conditions

For wall surface reactions, the calculation of the species concentration at reacting surfaces is
based on a balance of the convection and diffusion of each species to (or from) the surface
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and the rate at which it is consumed (or produced) at the surface. This flux balance for species
i can be written as

Ji + 7 — tivgep Yiwanl = B (7. 40)

=+ .
where ijs a unit vector normal to the surface

Ji

is the diffusion flux of species i

R" ;is the rate of production of species i due to surface reaction

P
is the total mass deposition rate

Y wall
is the mass fraction of species i at the wall

Using Equation 7. 4, expressions can be derived for the mass fraction of species i at the wall
and for the net rate of creation of species i per unit area. These expressions are used in
FLUENT to compute gas-phase species concentrations at reacting surfaces using a point-by-
point coupled stiff solver.

Including Mass Transfer To Surfaces in Continuity

In the surface reaction boundary condition described above, the effects of the wall normal
velocity or bulk mass transfer to the wall are not included in the computation of species
transport. The momentum of the net surface mass flux from the surface is also ignored
because the momentum flux through the surface is usually small in comparison with the
momentum of the flow in the cells adjacent to the surface. However, you can include the
effect of surface mass transfer in the continuity equation by activating the Mass Deposition
Source option in the Species Model panel.

Wall Surface Mass Transfer Effects in the Energy Equation

Species diffusion effects in the energy equation due to wall surface reactions are included in
the normal species diffusion term.

If you are using the segregated solver, you can neglect this term by turning off the Diffusion

Energy Source option in the Species Model panel. (For the coupled solvers, this term is
always included; you cannot turn it off.) Neglecting the species diffusion term implies that
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errors may be introduced to the prediction of temperature in problems involving mixing of
species with significantly different heat capacities, especially for components with a Lewis
number far from unity. While the effect of species diffusion should go to zero at Le = 1, you
may see subtle effects due to differences in the numerical integration in the species and
energy equations.

Modeling the Heat Release Due to Wall Surface Reactions

The heat release due to a wall surface reaction is, by default, ignored by FLUENT. You can,
however, choose to include the heat of surface reaction by activating the Heat of Surface
Reactions option in the Species Model panel and setting appropriate formation enthalpies in
the Materials panel.

7.4. Species Transport Without Reactions

In addition to the volumetric and surface reactions described in the previous sections, you can
also use FLUENT to solve a species mixing problem without reactions. The species transport
equations that FLUENT will solve are described in Section 7, and the procedure you will
follow to set up the non-reacting species transport problem is the same as that described in
Sections 7. 1. 2, with some simplifications.

The basic steps are listed below:

1.
Enable Species Transport in the Species Model panel and select the appropriate
Mixture Material.
Define  Models  Species...
2.
(optional) If you want to model full multicomponent diffusion or thermal diffusion,
turn on the Full Multicomponent Diffusion or Thermal Diffusion option
3.
Check and/or define the properties of the mixture and its constituent species.
Define  Materials...
Mixture properties include the following:
e species in the mixture
« other physical properties (e.g., viscosity, specific heat)
4,

Set species boundary conditions.
No special solution procedures are usually required for a non-reacting species transport

calculation. Upon completion of the calculation, you can display or report the following
quantities:
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o Mass fraction of species-n

o Mole fraction of species-n

e Concentration of species-n

o Lam Diff Coef of species-n

o Eff Diff Coef of species-n

« Enthalpy of species-n (segregated solver calculations only)
¢ Relative Humidity

These variables are contained in the Species... category of the variable selection drop-down
list that appears in postprocessing panels.

7.5. Modeling Non-Premixed Combustion

In non-premixed combustion, fuel and oxidizer enter the reaction zone in distinct streams.
This is in contrast to premixed systems, in which reactants are mixed at the molecular level
before burning. Examples of non-premixed combustion include methane combustion,
pulverized coal furnaces, and diesel (compression) internal-combustion engines.

Under certain assumptions, the thermochemistry can be reduced to a single parameter: the
mixture fraction. The mixture fraction, denoted by f, is the mass fraction that originated from
the fuel stream. In other words, it is the local mass fraction of burnt and unburnt fuel stream
elements (C, H, etc.) in all the species (CO ,, H ,0, O ,, etc.). The approach is elegant
because atomic elements are conserved in chemical reactions. In turn, the mixture fraction is a
conserved scalar quantity, and therefore its governing transport equation does not have a
source term. Combustion is simplified to a mixing problem, and the difficulties associated
with closing non-linear mean reaction rates are avoided. Once mixed, the chemistry can be
modeled as in chemical equilibrium, or near chemical equilibrium with the laminar flamelet
model.

7.5.1. Description of the Equilibrium Mixture Fraction/ PDF Model

The non-premixed modeling approach involves the solution of transport equations for one or
two conserved scalars (the mixture fractions). Equations for individual species are not solved.
Instead, species concentrations are derived from the predicted mixture fraction fields. The
thermochemistry calculations are preprocessed in prePDF and tabulated for look-up in
FLUENT. Interaction of turbulence and chemistry is accounted for with a probability density
function (PDF).

7.5.2. Benefits and Limitations of the Non-Premixed Approach

Advantages of the Non-Premixed Approach

The non-premixed modeling approach has been specifically developed for the simulation of
turbulent diffusion flames with fast chemistry. The non-premixed model allows intermediate
(radical) species prediction, dissociation effects, and rigorous turbulence-chemistry coupling.
The method is computationally efficient in that it does not require the solution of a large
number of species transport equations. When the underlying assumptions are valid, the non-
premixed approach is preferred over the finite rate formulation.
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Limitations of the Non-Premixed Approach

The non-premixed approach can be used only when your reacting flow system meets several
requirements. First, the FLUENT implementation requires that the flow be turbulent. Second,
the reacting system includes a fuel stream, an oxidant stream, and, optionally, a secondary
stream (another fuel or oxidant, or a non-reacting stream). Finally, the chemical kinetics must
be rapid so that the flow is near chemical equilibrium.

Il Note that the non-premixed model can be used only with the segregated solver; it is not
available with the coupled solvers.

7.5.3. Details of the Non-Premixed Approach

Definition of the Mixture Fraction

The basis of the non-premixed modeling approach is that under a certain set of simplifying
assumptions, the instantaneous thermochemical state of the fluid is related to a conserved
scalar quantity known as the mixture fraction f. The mixture fraction can be written in terms
of the atomic mass fraction as [ 213]

— Z; — Z; OX

(7. 41)
Z; fuel — Ziox

where Z ; is the elemental mass fraction for some element, i. The subscript ox denotes the
value at the oxidizer stream inlet and the subscript fuel denotes the value at the fuel stream
inlet. If the diffusion coefficients for all species are equal, then Equation 7. 41 is identical for
all elements, and the mixture fraction definition is unique. The mixture fraction is thus the
elemental mass fraction that originated from the fuel stream. Note that this mass fraction
includes all elements from the fuel stream, including inert species such as N ,, and any
oxidizing species mixed with the fuel, such as O ».

If a secondary stream (another fuel or oxidant, or a non-reacting stream) is included, the fuel
and secondary mixture fractions are simply the mass fractions of the fuel and secondary
streams. The sum of all three mixture fractions in the system (fuel, secondary stream, and
oxidizer) is always equal to 1:

Sruel + foec + fox =1 (7. 42)

This indicates that only points on the plane ABC (shown in Figure 7. 7) in the mixture

fuel sec
fraction space are valid. Consequently, the two mixture fractions, and , cannot vary
independently; their values are valid only if they are both within the triangle OBC shown in
Figure 7. 8.
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Figure 7. 7: Relationship of ) ,and

Sruel Jfsec Psec

Figure 7. 8: Relationship of ) ,and

FLUENT discretizes the triangle OBC as shown in Figure 7. 8. Essentially, the primary

fruel
mixture fraction, , is allowed to vary between zero and one, as for the single mixture
fraction case, while the secondary mixture fraction lies on lines with the following equation:
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fooe = Proc X (L= frel 7. )

where i the normalized secondary mixture fraction and is the value at the intersection of
. . . . . - Jeec Prec.
a line with the secondary mixture fraction axis. Note that unlike , is bounded

Sruel
between zero and one, regardless of the value.

. - . . . Peec
An important characteristic of the normalized secondary mixture fraction, , IS its assumed

L . . Sruel . Jsec Psec
statistical independence from the fuel mixture fraction, . Note that unlike , is

not a conserved scalar. The normalized mixture fraction definition for the second scalar
variable is used everywhere except when defining the rich limit for a secondary fuel stream,
which is defined in terms of

Transport Equations for the Mixture Fraction

Under the assumption of equal diffusivities, the species equations can be reduced to a single
equation for the mixture fraction, f. The reaction source terms in the species equations cancel,
and thus f is a conserved quantity. While the assumption of equal diffusivities is problematic

for laminar flows, it is generally acceptable for turbulent flows where turbulent convection
overwhelms molecular diffusion. The mean (time-averaged) mixture fraction equation is

d . - - _
EWHV*(MJ =V'(%Vf) + Sm + Suser (7. 44)

The source term S , is due solely to transfer of mass into the gas phase from liquid fuel
Suser
droplets or reacting particles (e.g., coal). is any user-defined source term.

In addition to solving for the mean mixture fraction, FLUENT solves a conservation equation

f?

for the mean mixture fraction variance, [11]:
a i -l Ty - €—5
o (%) +V - (p3F?) = V- (ﬁ—:v)' 2) +Cype (VF) = Capy F7+ Suse (7. a5)
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where . The constants , C 4, and C 4 take the values 0.85, 2.86, and 2.0,

. ser _ .
respectively, and is any user-defined source term.

The mixture fraction variance is used in the closure model describing turbulence-chemistry
interactions.

—_— 49
fua  Jra
For a two-mixture-fraction problem, and are obtained from Equations 7. 44 and 7.
-— = T
fua  f Jma 7 fec
45 by substituting for and for . is obtained from Equation 7. 44 by

T r !
Jsee [ Do Psec
substituting for . is then calculated using Equation 7. 43, and is obtained by

- “To 7
Proc f Peac sec
solving Equation 7. 45 with substituted for . Solution for instead of is
justified by the fact that the amount of the secondary stream is relatively small compared with
. . P T
the total mass flow rate. To a first-order approximation, the variances in and are
- ¥ o
Jruer Pstc Sac
relatively insensitive to , and therefore is essentially the same as

The Non-Premixed Model for LES

For large eddy simulations (LES), an equation for the mean mixture fraction is solved, which

is identical in form to Equation 7. 44 except that  is the subgrid-scale viscosity.

A transport equation is not solved for the mixture fraction variance. Instead, it is modeled as
. 2 1 oF 7. 46
f? = CuarLig| VT (7. 46)
where

user-adjustable constant

3

= subgrid length scale
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Mixture Fraction vs. Equivalence Ratio

The mixture fraction definition can be understood in relation to common measures of reacting
systems. Consider a simple combustion system involving a fuel stream (F), an oxidant stream
(0), and a product stream (P) symbolically represented at stoichiometric conditions as

F+rO—=(1+r)P (7. 47)

where r is the air-to-fuel ratio on a mass basis. Denoting the equivalence ratio as , where

__ (air/fuel) . (7. 48)
% = {air/fuel '
(air/fuel) g niometric

the reaction in Equation 7.47, under more general mixture conditions, can then be written as

pF+r0 > (¢p+r)P (7. 49)

Looking at the left side of this equation, the mixture fraction for the system as a whole can
then be deduced to be

¢

f=¢-|—1” (7. 50)

Equation 7. 50 is an important result, allowing the computation of the mixture fraction at
stoichiometric conditions (= 1) or at fuel-rich conditions (e.g., > 2).
Relationship of f to Species Mass Fraction, Density, and Temperature

The power of the mixture fraction modeling approach is that the chemistry is reduced to one
or two conserved mixture fractions. All thermochemical scalars (species mass fraction,
density, and temperature) are uniquely related to the mixture fraction(s). Given a description
of the reacting system chemistry, and certain other restrictions on the system, the
instantaneous mixture fraction value at each point in the flow field can be used to compute the
instantaneous values of individual species mole fractions, density, and temperature.

If, in addition, the reacting system is adiabatic, the instantaneous values of mass fractions,
density, and temperature depend solely on the instantaneous mixture fraction, f:
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¢ = i(f) 7. 51

for a single fuel-oxidizer system. If a secondary stream is included, the instantaneous values
Sruel
will depend on the instantaneous fuel mixture fraction, , and the secondary partial

fraction,

$i = il fruel Psec) (7. 52)

In Equations 7. 51 and 7. 52,  represents the instantaneous species mass fraction, density,
or temperature. In the case of non-adiabatic systems, this relationship generalizes to

#i = ¢ilf, H') 7. 53
for a single mixture fraction system, where H " is the instantaneous enthalpy:

T
H* =) mjHj=) m [L 4T + hY{(Tra ;) (7. 54)
7 7 oy

If a secondary stream is included,
¢i = @(ffue]apS@CaH‘) (7. 55)

Examples of non-adiabatic flows include systems with radiation, heat transfer through walls,
heat transfer to/from discrete phase particles or droplets, and multiple inlets at different
temperatures.

The details of the functional relationship between  (species mass fraction, density, and
temperature) and mixture fraction (Equations 7. 51 through 7. 55) depend on the description
of the system chemistry. You can choose to describe this relationship using the flame sheet
(mixed-is-burned), equilibrium chemistry, or non-equilibrium chemistry (flamelet) model, as
described below.
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Models Describing the System Chemistry

FLUENT provides three options for description of the system chemistry when you use the
non-premixed modeling approach. These options are:

e The Flame Sheet Approximation (Mixed-is-Burned): The simplest reaction scheme is
the flame sheet or ““mixed-is-burned" approximation. This approach assumes that the
chemistry is infinitely fast and irreversible, with fuel and oxidant species never
coexisting in space and complete one-step conversion to final products. This
description allows species mass fractions to be determined directly from the given
reaction stoichiometry, with no reaction rate or chemical equilibrium information
required. This simple system description yields straight line relationships between the
species mass fractions and the mixture fraction.

Because no reaction rate or equilibrium calculations are required, the flame sheet
approximation is easily computed and yields a rapid calculation. However, the flame
sheet model is limited to the prediction of single-step reactions and cannot predict
intermediate species formation or dissociation effects. This often results in a serious
overprediction of peak flame temperature, especially in those systems that involve
very high temperature (e.g., systems using pre-heat or oxygen-enrichment).

o Equilibrium Assumption: The equilibrium model assumes that the chemistry is rapid
enough for chemical equilibrium to always exist at the molecular level. An algorithm
based on the minimization of Gibbs free energy [ 16] is used to compute species mole
fractions from f.

The equilibrium model is powerful since it can predict the formation of intermediate
species and it does not require a knowledge of detailed chemical Kkinetic rate data.
Instead of defining a specific multi-step reaction mechanism, you simply define the
important chemical species that will be present in the system. FLUENT then predicts
the mole fraction of each species based on chemical equilibrium.

FLUENT allows you to restrict the full equilibrium calculation to those situations in

frich
which the instantaneous mixture fraction is below a specified rich limit, . In fuel-
rich regions (e.g., equivalence ratio greater than 1.5 ) when the instantaneous mixture

frich
fraction exceeds , FLUENT assumes that the combustion reaction is
extinguished and that unburned fuel coexists with reacted material. In such fuel-rich
regions the composition at a given value of mixture fraction is computed from the

frich
composition of the limiting mixture ( f= ! ) and that of the fuel inlet stream ( f=1)
based on a known stoichiometry. The stoichiometry is either supplied by you or

determined automatically from chemical equilibrium at the rich limit ( f= fmh). This
approach, known as the partial equilibrium approach, allows you to bypass complex
equilibrium calculations in the rich flame region. The latter are time-consuming to
compute and may not be representative of the real combustion process. When a full

Jrich
equilibrium approach is required, you can simply define the rich limit as o= 1.0.
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The species you include must exist in the chemical database accessed by prePDF.
Note that the species included in the equilibrium calculation should probably not
include NOXx species, as the NOx reaction rates are slow and should not be treated
using an equilibrium assumption. Instead, NOx concentration is predicted most
accurately using the FLUENT NOXx postprocessor where finite rate chemical kinetics
are incorporated.

Non-Equilibrium Chemistry (Flamelet Model): In combustion models where non-
equilibrium effects are important, the assumption of local chemical equilibrium can
lead to unrealistic results. Typical cases in which the equilibrium assumption breaks
down are modeling the rich side of hydrocarbon flames, predicting the intermediate
species that govern NOx formation, and modeling lift-off and blow-off phenomena in
jet flames.

Several approaches are available to overcome these modeling difficulties on a case-by-
case basis; in FLUENT the partial-equilibrium/ rich-limit approximation (described
above) can be used to model the fuel-rich side of the hydrocarbon flames. Flamelet
models have been proposed as a more general solution to the problem of moderate
non-equilibrium flame chemistry.

Wvlazszs Fraction, ¥ and Enthalpy, h

Mizture Fraction, £

Figure 7. 9: Species Mass Fractions and Enthalpy Derived Using the Flame Sheet
Approximation



inmen

ENEN

ENEN

¢ AMEn

LR 20 0e-01 w00E-m 4 01 An0E-01 1.00E 00

Tlixtonee Fraction F

arePOF W00
QSITION Fluent Inc.

Figure 7. 10: Species Mole Fractions Computed Based on Chemical Equilibrium

PDF Modeling of Turbulence-Chemistry Interaction

Equations 7. 51 through 7. 55 describe the instantaneous relationships between mixture
fraction and species mass fraction, density, and temperature as given by the equilibrium,
flamelet, or mixed-is-burned chemistry model. The FLUENT prediction of the turbulent
reacting flow, however, is concerned with prediction of the time-averaged values of these
fluctuating scalars. How these time-averaged values are related to the instantaneous values
depends on the turbulence-chemistry interaction model. FLUENT applies the assumed shape
probability density function (PDF) approach as its closure model when the non-premixed
modeling approach is used. The PDF closure model is described in this section.

Description of the Probability Density Function

The probability density function, written as p( f), can be thought of as the fraction of time that
the fluid spends at the state f. The fluctuating value of f, plotted on the right side of the figure,

f
spends some fraction of time in the range denoted as . p(f), plotted on the left side of the

figure, takes on values such that the area under its curve in the band denoted, , is equal to
the fraction of time that f spends in this range. Written mathematically,

T—o0

1
p(f) Af = lim = Zﬁ' (7. 56)
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T A
where T is the time scale and  is the amount of time that f spends in the / band. The
shape of the function p( f) depends on the nature of the turbulent fluctuations in f. In practice,
p(f) is expressed as a mathematical function that approximates the PDF shapes that have been
observed experimentally.

“-\"‘\-\—\_
Af
|

pifi

Figure 7. 11: Graphical Description of the Probability Density Function, p( f)

Derivation of Mean Scalar Values from the Instantaneous Mixture Fraction

The probability density function p( f), describing the temporal fluctuations of f in the turbulent
flow, has the very beneficial property that it can be used to compute time-averaged values of
variables that depend on f. Time-averaged values of species mole fractions and temperature
can be computed (in adiabatic systems) as

_ 1
5 = [ﬂ p(F)pi( F)df 0. 57)

for a single mixture fraction system. When a secondary stream exists, the average values are
calculated as

_ 1 pl
i ='/'; _/; Pl(ffue])?fl(Psec)‘f’i(ffuehpsec)dffueldpsm (7. 58)
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_ Sruel _ Psec T
where p ; is the PDF of and p ; is the PDF of . Here, statistical independence of

Sruel  Peec. P fruels Psec) = P1{fruer)P2(Psec)
and is assumed, so that .

Similarly, the true time-averaged fluid density, , can be computed as

Lp(f)

1
5 h o) "

for a single mixture fraction system, and
1 f ! pu(frue)P2(Psec)
p * p(fruel; Prec) e

pf)  p(fruel Psec)

when a secondary stream exists. or is the instantaneous density obtained
using the instantaneous species mole fractions and temperature in the gas law equation.
Equations 7. 59 and 7. 60 provide a more accurate description of the time-averaged density
than the alternate approach of applying the gas law using time-averaged species and
temperature.

Using Equations 7. 57 and 7. 59 (or Equations 7. 58 and 7. 60), it remains only to specify
P1( fruer) ] P2(Psec)

the shape of the function p( f) (or an ) in order to determine the local
time-averaged state of the fluid at all points in the flow field.

The PDF Shape

The shape of the assumed PDF, p( f), is described in FLUENT by one of two mathematical
functions:

« the double delta function

« the -function

The double delta function is the most easily computed, while the  -function most closely
represents experimentally observed PDFs. The shape produced by these functions depends

f f
solely on the mean mixture fraction, , and its variance, . The choice of these functions
(and others, such as the clipped Gaussian) have their basis in experimental measurements of

concentration fluctuations [ 5, 11]. A detailed description of each function follows.
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The Double Delta Function PDF

The double delta function is given by

05,  f=F-\I?

PN=105 =T+ /F?
0, elsewhere

(7. 61)

with suitable bounding near f = 1 and f = 0. One example of the double delta function is
illustrated in Figure 7. 12. As noted above, the double delta function PDF is very easy to

compute but is invariably less accurate than the alternate  -function PDF. For this reason, it

should be employed only in special circumstances.

p(f)
05 [
4] I_ -
0 f f

Figure 7. 12: Example of the Double Delta Function PDF Shape

B
The -Function PDF

: 72

The -function PDF shape is given by the following function of and

__rta-net
)= i — o
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where

= F =7 ]
I A L | (7. 63)
¢ f[ 7
and
= [FL=1F)
B=(-f) [7‘72 - 1] (7. 64)
3 f

Figures 7. 13 and 7. 14 show the form of the  function for two conditions of ~and
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Figure 7.13: -Function PDF Shapes for =0.3 and =0.005

131



RE:. [ ]

0-0E-Q 0 20 0e-01 L00E-m 4 00E-01 An0e-01 1.00E+Q0

Ilixtoe Fraction F

araPOF W00

Flue

1-..,.|
5
(=]

B
Figure 7. 14:  -Function PDF Shapes for =0.1and =0.01

Importantly, the PDF shape p( f) can be computed at all points in the flow in terms of its first

= =
f f
two moments, namely mean, , and variance, . Thus, given FLUENT's prediction of

For

and at each point in the flow field (Equations 7. 44 and 7. 45), the known PDF shape
can be computed and used as the weighting function to determine the time-averaged mean
values of species mass fraction, density, and temperature using, Equations 7. 57 and 7. 59 (or,
for a system with a secondary stream, Equations 7. 58 and 7. 60). This logical dependence is
depicted visually in Figure 7. 15 for a single mixture fraction. (When a secondary stream is

fuel
included, the PDF shape will be computed for the fuel mixture fraction, e , and the

. . Psec L
secondary partial fraction, , and the order of the calculations is different.

132



POF Shape
P =p tf )

Chemistry Model
$itf

Look-up Table &; = ¢; tf, £
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Figure 7. 15: Logical Dependence of Averaged Scalars on , and the Chemistry
Model (Adiabatic, Single-Mixture-Fraction Systems)

Non-Adiabatic Extensions of the Non-Premixed Model

Many reacting systems involve heat transfer to wall boundaries, droplets, and/or particles by
convective and radiative heat transfer. In such flows the local thermochemical state is no
longer related only to f, but also to the enthalpy H *. The system enthalpy impacts the
chemical equilibrium calculation and the temperature of the reacted flow. Consequently,
changes in enthalpy due to heat loss must be considered when computing scalars from the
mixture fraction. Thus, the scalar dependence becomes

¢ = $i(f, H") . &5

where H " is given by Equation 7. 54. In such non-adiabatic systems, turbulent fluctuations
should be accounted for by means of a joint PDF p( f, H ). The computation of p( f, H ") is
not practical for most engineering applications, however. The problem can be simplified
significantly by assuming that the enthalpy fluctuations are independent of the enthalpy level
(i.e., heat losses do not significantly impact the turbulent enthalpy fluctuations). When this is
assumed, we again have p = p( f) and

_ 1 -
& = f0 bilf, () df (7. 66)
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b
Determination of  in the non-adiabatic system thus requires solution of the modeled
transport equation for time-averaged enthalpy:

0, — — ky
—(pH*) +V - (piH*) = V - (—‘VH*) + 5 (7. 67)
ot & h

where Sy, accounts for source terms due to radiation, heat transfer to wall boundaries, and
heat exchange with the second phase. Figure 7. 16 depicts the logical dependence of mean
scalar values (species mass fraction, density, and temperature) on FLUENT"s prediction of

f e

., ,and H*in non-adiabatic single-mixture-fraction systems.

PDF Shape _
P =p tf )
Chemistry Model
¢ itf H)
_ 1
b; = | ptfyo (FH Jof
¥
Look-up Table &; = ¢, {f, £%H")
¢ 1 _
Figure 7. 16: Logical Dependence of Averaged Scalars on , H*, and the

Chemistry Model (Non-Adiabatic, Single-Mixture-Fraction Systems)

When a secondary stream is included, the scalar dependence becomes

$i = i fruel, Psec, H™) (7. 68)
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and the mean values are calculated from
_ 1 sl L
bi = _/0. ./c; Bi (fruels Psecy H*)P1( fruel) P2 (Psec)dffuedPsec (7. 69)

As noted above, the non-adiabatic extensions to the PDF model are required in systems
involving heat transfer to walls and in systems with radiation included. In addition, the non-
adiabatic model is required in systems that include multiple fuel or oxidizer inlets with
different inlet temperatures or that include flue gas recycle. Finally, the non-adiabatic model
is required in particle-laden flows (e.g., liquid fuel systems or coal combustion systems) since
such flows include heat transfer to the dispersed phase. Figure 7. 16 illustrates several
systems that must include the non-adiabatic form of the PDF model. Note that even if your
system is non-adiabatic, you may want to perform the much simpler adiabatic calculation as
an initial exercise. This will allow you to bound the non-adiabatic analysis in an efficient
manner.
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Qwall or Qradiatian

Fuel —— f=1

Oxddant——» f=10

fa) Heat Transfer to Domain Boundaries and/or
Radiation Heat Transfer

Oxidant —=
T=T,

Fuel —

Cridant —
T=T,

{b) Multiple Fuel or Oxidant Inlets at Different
Temperatures

Liguid Fuel or

Oxidant ——» Pulverized Coal

{c) Dispersed Phase Heat or Mass Transfer {e.g.,
Ligquid Fuel or Coal Combustion)

Figure 7. 17: Reacting Systems Requiring Non-Adiabatic Non-Premixed Model Approach
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7.5.4. Restrictions and Special Cases for the Non-Premixed Model

Restrictions on the Mixture Fraction Approach

i
The unique dependence of  (species mass fractions, density, or temperature) on f (Equation
7.51 or 7. 52) requires that the reacting system meet the following conditions:

e The chemical system must be of the diffusion type with discrete fuel and oxidizer
inlets (spray combustion and pulverized fuel flames may also fall into this category).

e The Lewis number must be unity. (This implies that the diffusion coefficients for all
species and enthalpy are equal, a good approximation in turbulent flow).

o When asingle mixture fraction is used, the following conditions must be met:

o Only one type of fuel is involved. The fuel may be made up of a burnt mixture
of reacting species (e.g., 90% CH , and 10% CO) and you may include
multiple fuel inlets. The multiple fuel inlets must have the same composition,
however. Two or more fuel inlets with different fuel composition are not
allowed (e.g., one inlet of CH 4 and one inlet of CO). Similarly, in spray
combustion systems or in systems involving reacting particles, only one off-
gas is permitted.

o Only one type of oxidizer is involved. The oxidizer may consist of a mixture of
species (e.g., 21% O , and 79% N ;) and you may have multiple oxidizer
inlets. The multiple oxidizer inlets must, however, have the same composition.
Two or more oxidizer inlets with different composition are not allowed (e.g.,
one inlet of air and a second inlet of pure oxygen).

e When two mixture fractions are used, three streams can be involved in the system.
Valid systems are as follows:

o Two fuel streams with different compositions and one oxidizer stream. Each
fuel stream may be made up of a mixture of reacting species (e.g., 90% CH 4
and 10% CO). You may include multiple inlets of each fuel stream, but each
fuel inlet must have one of the two defined compositions (e.g., one inlet of CH
4 and one inlet of CO).

o Mixed fuel systems including gas-liquid, gas-coal, or liquid-coal fuel mixtures
with a single oxidizer. In systems with a gas-coal or liquid-coal fuel mixture,
the coal volatiles and char are treated as a single composite fuel stream.

o Coal combustion in which volatiles and char are tracked separately.

o Two oxidizer streams with different compositions and one fuel stream. Each
oxidizer stream may consist of a mixture of species (e.g. 21% O , and 79% N
2). You may have multiple inlets of each oxidizer stream, but each oxidizer
inlet must have one of the two defined compositions (e.g., one inlet of air and a
second inlet of pure oxygen).

o A fuel stream, an oxidizer stream, and a non-reacting secondary stream.

o The flow must be turbulent.

It is important to emphasize that these restrictions eliminate the use of the non-premixed

approach for directly modeling premixed combustion. This is because the unburned premixed
stream is far from chemical equilibrium.

137



Figures 7. 17 and 7. 18 illustrate typical reacting system configurations that can be handled
by the non-premixed model in FLUENT. Figure 7. 19 shows a premixed configuration that
cannot be modeled using the non-premixed model.

60% CH,

f=1
40% CO

%0 —1 o
%N, — —

{a) Simple Fuel/Oxidant Diffusion Flame

35% 0,
Il 85% N,
f=0

o,

60% CH, ——— . _,

40% CO

35% 0,

gsuN, —— 170

{b) Diffusion System Using Multiple Oxidant Inlets

60% CH,
20% CO
10% CH,
10% CQy

21%0, — 1
79%N, ™ =

80% CH,
20%CO 5 f=1
10% C,H—————
10% CO,

{c) System Using Multiple Fuel Inlets

Figure 7. 18: Chemical Systems That Can Be Modeled Using a Single Mixture Fraction
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(a) System Containing Two Dissimilar Fuel Inlets

21% 0, ——=

Fuel -

35%0, —=

(b) System Containing, Two Dissimilar Oxidant Inlets

Figure 7. 19: Chemical System Configurations That Can Be Modeled Using Two Mixture
Fractions

CH,

Oz—p-

Ny

Figure 7. 20: Premixed Systems CANNOT Be Modeled Using the Non-Premixed Model
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Using the Non-Premixed Model for Liquid Fuel or Coal Combustion

You can use the non-premixed model if your FLUENT simulation includes liquid droplets
and/or coal particles. In this case, fuel enters the gas phase within the computational domain
at a rate determined by the evaporation, devolatilization, and char combustion laws governing
the dispersed phase. In the case of coal, the volatiles and the products of char can be defined
as two different types of fuel (using two mixture fractions) or as a single composite off-gas
(using one mixture fraction).

Using the Non-Premixed Model with Flue Gas Recycle

While most problems you solve using the non-premixed model will involve inlets that contain
either pure oxidant or pure fuel (f =0 or 1), you can include an inlet that has an intermediate
value of mixture fraction (0 < f < 1) provided that this inlet represents a completely reacted
mixture. Such cases arise when there is flue gas recirculation, as depicted schematically in
Figure 7. 20. Since f is a conserved quantity, the mixture fraction at the flue gas recycle inlet
can be computed as

fyel + Mirecyc fexit = (Mifuel + MMox + Titrecyc) fexit (7. 70)

or

foit = —— 71— MHuel (7. 71)
Mfya + Mox
JSexit e _ _ _ _
where is the exit mixture fraction (and the mixture fraction at the flue gas recycle inlet),
T o el :
is the mass flow rate of the oxidizer inlet, is the mass flow rate of the fuel inlet,

¥e .
is the mass flow rate of the recycle inlet.

If a secondary stream is included,

. T fyel
Celexit = — I i (7. 72)
! voxd Mfyel T+ Migec T Mox
and
Tlisec
Lo _ (7. 73)
Psec,exit o+ e
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7.5.5. Modeling Approaches for Non-Premixed Equilibrium Chemistry

The FLUENT software package offers two different ways to model non-premixed
equilibrium chemistry. You can choose either a single- or two-mixture-fraction approach
depending on how many streams you have. prePDF stores information about the streams in
“look-up tables", which are then used by FLUENT to solve for the mixture fraction,
enthalpy, and scalar quantities.

7.5.5.1. Single-Mixture-Fraction Approach

To keep computation time to a minimum, much of the calculation required for the non-
premixed model is performed outside of the FLUENT simulation by preprocessing the
chemistry calculations and PDF integrations in a separate code, called prePDF. Figure 7.21
illustrates how the computational effort is divided between the preprocessor ( prePDF) and
the solver ( FLUENT). In prePDF, the chemistry model (mixed-is-burned, equilibrium
chemistry, or laminar flamelet) is used in conjunction with the assumed shape of the PDF to
perform the integrations given in Equations 7. 57, 7. 59, and/or 7. 66. These integrations are
performed within prePDF and stored in look-up tables that relate the mean thermochemical
¢ F £
variables  (temperature, density and species mass fractions) to the values of , and

72
H*. Note that the scaled mixture fraction variance is used for tabulation, where is
defined as

2
P R (7. 74)
* o 0.25f(1—f)

Equations 7.44, 7. 45, and 7. 67 (for non-adiabatic systems) are solved in FLUENT to

Fre

obtain local values of ,  ,and H*.
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prePDF: 1
Integration: ¢ = | p(f) ¢ {# H")df
i 0 i

Y
Look-up Table

¢i = q)i (i-ﬁfﬁ*)

FLUENT:
1. Solve f £° H
2. Look up Scalars 9,

Figure 7. 21: Separation of Computational Tasks Between FLUENT and prePDF for a
Single-Mixture-Fraction Case

7.5.5.2. Two-Mixture-Fraction Approach

For the two-mixture-fraction (secondary stream) case, the preprocessor prePDF calculates the
instantaneous values for the temperature, density, and species mass fractions (Equation 7. 52
or 7. 55) and stores them in the look-up tables. For the adiabatic case with two mixture

P o_ Y;
fractions, the look-up tables contain p, T',and as functions of the fuel mixture fraction
and the secondary partial fraction. For the non-adiabatic case with two mixture fractions, the
3D look-up table contains the physical properties as functions of the fuel mixture fraction, the
secondary partial fraction, and the instantaneous enthalpy.

The PDFs p ;1 and p , of the fuel mixture fraction and the secondary partial fraction,
respectively, are calculated inside FLUENT from the values of the solved mixture fractions
and their variances. The PDF integrations for calculating the mean values for the properties
are also performed inside FLUENT (using Equation 7. 58 or 7. 69, together with Equation 7.
60 or its non-adiabatic equivalent). The instantaneous values required in the integrations are
obtained from the look-up tables.

I Note that the computation time in FLUENT for a two-mixture-fraction case will be much
greater than for a single-mixture-fraction problem since the PDF integrations are being
performed in FLUENT rather than in prePDF. This expense should be carefully considered
before choosing the two-mixture-fraction model. Also, it is usually expedient to start a two-
mixture-fraction simulation from a converged single-mixture-fraction solution.
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Figure 7. 22 illustrates the division of labor between prePDF and FLUENT for the two-
mixture-fraction case.

prePDF:
Calculaion: ¢ - o(f .p_,HY

L
Look-up Table
¢.‘ = ¢.-U;uel’%ec’|—r)

FLUENT:
1. Solve jgud,fjel,ﬁm,p_:&,H*
2 Look up scalars 9,

3. Compute p, (£ )
4. Compute pip__ )
5. Compute ¢,

Figure 7. 22: Separation of Computational Tasks Between FLUENT and prePDF for a Two-
Mixture-Fraction Case

7.5.5.2.1. The Look-Up Table Concept

Look-Up Tables for Adiabatic Systems

Figure 7. 23 illustrates the concept of the look-up tables generated by prePDF for a single-
For

mixture-fraction system. Given FLUENT's predicted value for and at a point in the

i

flow domain, the time-averaged mean value of mass fractions, density, or temperature ()

at that point can be obtained from the table. FLUENT first uses Equation 7. 61 to compute

2

the scaled mixture fraction variance because the single-mixture-fraction look-up tables
T 7] i 7D
5 ff

contain property data as a function of and , rather than  and

The table, Figure 7. 23, is the mathematical result of the integration of Equation 7. 57. There
is one look-up table of this type for each scalar of interest (species mass fractions, density,
temperature). In adiabatic systems, where the instantaneous enthalpy is a function only of the
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instantaneous mixture fraction, a two-dimensional look-up table, like that in Figure 7. 23, is
all that is required.

Scalar |
Value

. Scaled

- /v Variance

—  » Mean
Mixture
Fraction

Figure 7. 23: Visual Representation of a Look-Up Table for the Scalar  as a Function of

Fore

and in Adiabatic Single-Mixture-Fraction Systems

For a system with two mixture fractions, there will be a look-up table for each instantaneous

i fruel
scalar property  as a function of the fuel mixture fraction and the secondary partial
. P . -
fraction W(Equatlon 7.52), as shown in Figure 7. 24.
Instantanecus

Scalar
Value

™ Fusl

Mixture
Fraction

Figure 7. 24: Visual Representation of a Look-Up Table for the Scalar  as a Function of

ol Pec. . .
and in Adiabatic Two-Mixture-Fraction Systems.
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3D Look-Up Tables for Non-Adiabatic Systems

In non-adiabatic systems, where the enthalpy is not linearly related to the mixture fraction, but
depends also on wall heat transfer and/or radiation, a look-up table is required for each
possible enthalpy value in the system. The result is a three-dimensional look-up table, as
illustrated in Figure 7. 25, which consists of layers of two-dimensional tables, each one
corresponding to the normalized heat loss or gain. The first layer or slice corresponds to the
maximum heat loss for the system, where all the points in the look-up table are at the
minimum temperature defined in the problem setup. The maximum slice corresponds to the
heat gain that occurs when all points have reached the maximum temperature defined. The
zero heat loss/gain slice corresponds to adiabatic operation. Slices interpolated between the
adiabatic and maximum slices correspond to heat gain, and those interpolated between the
adiabatic and minimum slices correspond to heat loss.

The three-dimensional look-up table allows FLUENT to determine the value of each mass
Fre

fraction, density, and temperature from calculated values of , and H*. This three-

dimensional table is the visual representation of the integral in Equation 7. 66.
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normalized

heat loss/gain

& normalized
heat loss/gain

normalized
- ’ 4
Scalar heat loss/gain |

Value —

. Scaled

— /( Variance

—  m Mean
Mixture
Fraction

Figure 7. 25: Visual Representation of a Look-Up Table for the Scalar  as a Function of

J— T.z

f f

and and Normalized Heat Loss/Gain in Non-Adiabatic Single-Mixture-Fraction
Systems

For two-mixture-fraction problems, the 3D look-up table allows FLUENT to determine the

_ _ _ Jruel Poec
instantaneous values for the scalar properties from instantaneous values of , ,and H
. The three-dimensional table is the visual representation of Equation 7. 68. These

instantaneous values are used to perform the integration of Equation 7. 69.
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normalized

heat loss /gain__ |

Instantaneous
Scalar
Value

1

Secondary
Partial
2 Fraction

—* Fuel

Mixture
Fraction

Figure 7. 26: Visual Representation of a Look-Up Table for the Scalar  as a Function of
Jruel Poec

Systems

, and Normalized Heat Loss/Gain in Non-Adiabatic Two-Mixture-Fraction

See Table 7. 2 for a summary of the look-up table structure.

Summary of Look-Up Table Formats

Table 7.2 summarizes the look-up table format for different types of non-premixed models.
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Table 7. 2: Look-Up Table Formats

Type of Model Adiabatic | Non-Adiabatic

single mixture fraction f f;2 F f’ﬂ

’ ’ ’

two mixture fractions ffue] Peec ffue] Peec

’ ’ ’

*

7.6. Modeling Liquid Fuel Combustion Using the Non-Premixed
Model

Liquid fuel combustion can be modeled with the non-premixed model. In prePDF, the fuel
vapor, which is produced by evaporation of the liquid fuel, is defined as the fuel stream, and
the oxidizer (e.g., air) inlet composition is defined as the oxidizer stream. The liquid fuel that
evaporates within the domain appears as a source of the fuel mixture fraction, f, when the
non-premixed model is used.

Within FLUENT, you define the liquid fuel model in the usual way. The gas phase (oxidizer)
flow inlet is modeled using an inlet mixture fraction of zero and the fuel droplets are
introduced as discrete-phase injections. The property inputs for the liquid fuel droplets are
unaltered by the non-premixed model, and should be input as usual. Note that when you are
requested to input the gas phase species destination for the evaporating liquid, you should
input the species that comprises the fuel stream as defined in prePDF.

Note that if the fuel stream was defined as a mixture of components in prePDF, you should
simply select one of these components as the ““evaporating species". FLUENT will ensure
that the mass evaporated from the liquid droplet enters the gas phase as a source of the fuel
mixture that you defined in prePDF. The evaporating species you select here is used only to
compute the diffusion controlled driving force in the evaporation rate.

7.6.1. Adding New Species to the prePDF Database

prePDF uses the CHEMKIN database [ 112], THERMO.DB, for species thermodynamic
properties (see [ 12] for information on the parameters and the format required for the
THERMO. DB file). If you wish to add a new species, you will need to add the thermodynamic
data to the THERMO.DB file, as well as to the corresponding FLUENT database file, named
thermodb.scm.

You can use prePDF to generate the required thermodb.scm file:
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Calculate the PDF look-up table in prePDF with the new species and the new
THERMO.DB database file.

Generate a FLUENT property file with a default name prepdf.scm.

File = Write = Thermodb...

You now have two choices:

e Rename prepdf.scm to thermodb.scm, and run FLUENT from the local
directory where thermodb.scm is.

« If you would like to store the new species permanently, edit the file
thermodb.scm in the

path /Fluent. Inc/fluent6.x/cortex/lib/

installation directory (where path is the directory in which you have installed
FLUENT and the variable x corresponds to your release version, e.g., 0 for
fluent6.0) and add in the new species from prepdf.scm. Be careful to keep
the Scheme lists, enclosed within round parentheses, intact, and also ensure
that your editor does not insert carriage-returns to break up the inserted
Scheme lists. It is recommended that you save a backup copy of
thermodb.scm before making any changes.
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