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1. Infroduction

ABSTRACT: Computational Fluid Dynamics (CFDJ, through high-performance computing
and robust codes, has proven to be an invaluable tool for the simulation of combustion
processes, ranging from low speed diffusive flames up to detonations. This work intends
to provide a review of details needed in modeling as Reynolds-averaged Navier-Stokes
(RANS], large eddy simulation (LES) or Detached eddy simulation (DES) energy equation
in CFD codes used for solving chemically reacting turbulent flows. When the density is
variable, traditional Reynolds averages introduce many open correlations between any
quantity f and density fluctuations p’ f’ which are difficult to close. Therefore, Favre's
mass-weighted average technique must be preferred.

RESUMEN: La mecanica de fluidos computacional por medio del uso de compututacion
de alto desempefo y cddigos robustos ha probado ser una herramienta invaluable
para la simulacion de procesos de combustion que incluyen llamas difusivas con bajas
velocidades hasta detonaciones. Este trabajo pretende ofrecer una revision de detalles
relacionados con la ecuacion de la energia necesaria en los cédigos de mecénica de
fluidos computacional para resolver flujos turbulentos quimicamente activos. Cuando la
densidad varia, los promedios de Reynolds introducen diferentes correlaciones entre las
variables de interés f vy las fluctuaciones de la densidad p’ f/ que son dificiles de cerrar.
En consecuencia, resultan mas adecuados los promedios ponderados por la masa de
Favre.

It allows solving the whole range of spatial and temporal
scales of turbulence without being necessary to implement

Chemically reacting flows have several applications in
engineering [1-10]. To accurately solve chemically reacting
turbulent flows is a current challenge of the Computational
Fluid Dynamics (CFD). It is known that a direct numerical
simulation (DNS) is the best tool for the analysis of
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turbulence models. But this technique, at least for now,
is out of reach for all engineering applications [11-18].
The large eddies simulation (LES) technique, developed
relying on the spectral filtering of the turbulent energy,
is a better form of dealing with turbulence normally
found in engineering applications [19-21]. The most
suggested type of filtering implies the decomposition into
different zones of the energy spectrum, starting from
a wave number k. the grid size A can be successively
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used as a cutoff filter while the wave number remains
lower than another wave number kg, previously selected
at the far end of the spectrum. The application of the
filtering process on the instantaneous equations leads to
the filtered equations of conservation of the flow and on
which, the turbulent sub-grid scales must be modeled to
close the system of equations. LES thus appears as a good
compromise between DNS which solve all the turbulent
scales and RANS statistical model in which the whole flow
structure is modeled. However, LES that accurately solves
the viscous region of wall-bounded flows is very costly
in computer time because of the refined mesh required
near the wall. The number of grids increases to such an
extent, that the use of LES in practical applications is not
always feasible with reasonable computational resources
[17, 22-24].

On the other hand, the RANS methodology based on
statistical averages (or in a time averaging that is
sufficiently large in comparison with the turbulent
time scales, although small enough compared with the
evolution time of the mean flow), appears well adapted
to typical flows of engineering with reasonable cost in
computations. However, it shows weaknesses in situations
where the mean flow quantities are strongly affected by
the dynamics of large-scale eddies [5, 25]. RANS models
perform well in flows where the time variations of their
average values are of much lower frequency than the
turbulence itself [26]. This is the field of applications of
RANS and unsteady URANS [5, 15, 27-30].

Considering the limitations of RANS to treat unsteady
flows and, the high computational cost with LES, a
detached eddy simulation called DES has been developed
as a hybrid approach to merge LES and RANS [31]. DES
is an unsteady numerical simulation which functions as
a sub grid scale (SGS) model in regions where the grid
density is fine enough for LES, and as a RANS model
where it is not. However, the main argument that allows
building DES is that the RANS and LES averaged motion
equations can take exactly the same mathematical form.
The mass-weighted average technique proposed by
Favre [32, 33], is used to derive the average equations of
conservation of mass, momentum, energy, and species.

This work is intended to describe details about the
equation of energy in modeling turbulent flows by different
approaches, which later shall be implemented in CFD
codes to compute chemically reactive flows. It should be
noted that the turbulent energy equation to be developed
will contain several additional unknown terms which must
be modeled for closure of the equation prior to solving it.

2. The sensible energy of chemically
reacting species

For a mixture of IV reacting species Y}, the sensible +
chemical enthalpy h (Equation 1) is defined by [34]:

N
h = Z hi Y
k=1
N T
— Z (/ CpxdT + Ah;k) Y;, (1)
T

= CpdT + AhS .Y
/TO Z kk

k=1

where C,, 1, is the mass heat capacity at constant pressure
of species k, and C), = Zszl Cp.1Y) is the mass heat
capacity at constant pressure of the mixture. Ah%k is the
formation enthalpy of species k, and Zszl Ah%kYk is the
chemical enthalpy related to the whole reacting process.

The sensible energy es ) [(Equation 2] and sensible
enthalpy hs 1, of any species k, are related by [34]

RT
€s,k = hs,k - pl = C de [2]
Pk To Wk

and then, the sensible + chemical energy e for the mixture
of N reacting species becomes [34]

N
e :Zes,kYk
—Z (/ Cp T —

—Z(/T Cyp 1o dT — T+Ah )

To obtain Equation 3, the relation between the mass heat
capacities (Equation 4] [34]

+ Ah% ) (3)

R
Cp,k - C’u,k: = Wk (4)

has also been used. Note that the R is the universal gas
constant and Wy, the molecular weight of species.

Finally, e (Equation 5) can be written as [34]

T N
RT
e= [ CudT — =22 ¢ § AhG .Yy

To

N (5
= €g + Z Ah?‘7kYk
k=1
where C,, = Zszl Cy 1Yg, and e is the non-chemical

sensible energy involving all the species.
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2.1 The total energy

Let's consider first the conservation equation for total
energy (e = e + %uiui] (Equation 6}, as it is given by Kuo
[34]:

Ope;  O(puser) gy 9,
5 87% = 8Iz + %(szu]) [6]

The heat flux ¢; (Equation 7) is written [34]

N
+p > hYiVis (7)
k=1

oT
axi

g =—A

and includes, first a heat diffusion term expressed by
Fourier’'s law and a second term associated with different
enthalpies which is specific to a gas with multi-species.
Viscous and pressure tensors are combined into the o;;
tensor (0;; = 7;; — pd;;). External heat source terms
due, for example, to an electric spark, a laser or radiation
flux whose rates usually written Q are not accounted.
The power produced by volume forces fi on any species
<p % Vi Frei (g + v,w;)>, is also not accounted.
k=1

The above expression for total energy (Equation é), is not
always easy to implement in classical CFD codes because
they use expressions for the energy, including chemical
terms in addition to the sensible energy. Furthermore, the
heat flux includes new transport terms. The use of only
sensible energies (or enthalpies) are sometimes preferred
[32, 34].

2.2 The use of a total non-chemical energy

The sum of sensible and kinetic energies leads to a total
non-chemical energy (£ = e, + %ulul Equation 8), and
the equation for E becomes [34]:
OpE 0 ) 0q; 0
ot +8$i(p U) WT+8$1‘+8.T1' (Jjuj) [ ]

where

N
b = — Y ARG (9)
k=1

is the total rate of heat release due to chemical activity
(Equation 9) of all species. If the pressure p is added to
pE can be obtained Equation 10: [34]

1 1
pE+p=p (es + P + u1u2> =p (hs + uluz> =pH
p 2 2
(10)
being H the non-chemical total enthalpy. The left term of
Equation 8 can now be written [34]
opE 0
ot o,
and the total energy equation for ' (Equation 11) that will
be used for now on is [34]:
OpE 0 dq; 0

W+8$l(pHUl)ZWT+axl +873?Z(T”u]) [11]

(pHu;)

2.3 Reynolds and Favre averages

The time-averaged equations are obtained by decomposing
each flow variable into a mean and a fluctuating part.
In constant density flows, Reynolds averages consist in
splitting any quantity f into a mean f and a fluctuating
f! component (f = f + f’). However, Reynolds
averages in variable density flows introduce many other
unclosed correlations between any quantity f and density
fluctuations p’f’. To avoid this difficulty, mass-weighted
averages (Favre averages, Equation 12] are preferred [32,
34-371: R

pf=npf (12)
Therefore, any quantity f splits into mean and fluctuating
components as f = f + f”. Note that time averages of
double primed fluctuating quantities are not equal to zero.
Instead, the time average of the double primed fluctuation
multiplied by the density (pf ') gives (Equation 13)

of=p(F+1")=pf+pf" —pf"=0  (13]

(f ) averages. Comparisons between numerical
simulations providing Favre averages fwith experimental
data, are not obvious. Most experimental techniques
provide Reynolds averages f (for example, when averaging

thermocouple data). Differences between (f) and (f) may
be significant [32].

2.4 Favre’s averages applied to the total
energy equation

Substituting the decomposed variables in Equation 12 and
Equation 13 into the energy Equation11 and averaging
the results, the desired time averaged energy equation
(Equation. 14) can be written [32]:
OpE 0 _~ _
= (HT) =
ot o, PHE)

T+

Ox; (14)
rigw] — pH"! ) +r

For a Newtonian fluid, the average stress tensor [ﬁj,
Equation. 15) is modeled as follows [38]:

_ (eq om\ 2 o
Tij NM(@,’L‘1+8$J)3 873,%5]1 [15]

This approximation implies that the effects of turbulent
fluctuations on the molecular viscosity (u) are ignored,
and the conventional (u;) and mass-weighted (u;) average
velocities are approximately equal.

The term 7;;u is well approximated (Equation 16] for

non-compressible flows by the following expression [38]

Tijul! =~ ‘ [16]
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where k is the turbulent kinetic energy (Equation 17) [38]

- 1 —

k= iug’u;’ (17)
For compressible flows, it can be assumed that this
relationship remains valid.

The time average heat flux vector g; contains contributions
from heat conduction and an energy flux due to
inter-species diffusion (Equation 7). If turbulent
fluctuations effects are ignored when evaluating the
thermal conductivity ()), as it was done with the viscosity
(1), the contribution of heat conduction (Equation 18] can
be written [38] _

)\BT _ /\6T
8:1:,- 6CCZ
The energy flux due to inter-species diffusion will be
considered later and its treatment will depend on the
model chosen for the species diffusion velocity. So, the

term to be next modeled is ﬁHf’Eg’.

(18]

The average mass-weighted total enthalpy (Equation 19)
written regarding the static enthalpy A and kinetic energy
terms, is [32]

H = h+ = (i + 2k) (19)

N =

and from its instantaneous expansion it is obtained
~ - 1 _ -
H+H'"=h+h"+ §(ujuj) +ajui +k+ k" (20)

Now, subtracting Equation. 19 from Equation 20, only the
fluctuating component of the total enthalpy (Equation 21)
remains, i.e.

HI/ — h/l + TZ]U;I + k// [21]

The unclosed correlation ﬁHTug’ given in Equation 14, can
be expanded to yield [32]

pH = ph'ul + piguljul + pku!
I 17 117

The first of the terms on the right side of Equation 22 is
the Reynolds heat flux vector, which has historically been
modeled using the gradient diffusion hypothesis (Equation
23). This model leads to the following expression for the
Reynolds heat flux [32]

e Oh
Pr; Oz;

The turbulent Prandtl number (Pr;), determines the
ratio of the rate of turbulent momentum transport to rate
of turbulent energy transport. Constant values for the
Prandtl number are usually assumed, even though it has

(23]

Spi I
ph'u =

been shown to vary spatially [39].

The third term pkv} (Equation 24) represents turbulent
transport of the turbulent kinetic energy, and the gradient
diffusion approximation is commonly used to model this
term [32],

Mt 815

o~
pk”u —
¢ oy, Ox;

(24)

where 1 is the eddy viscosity and oy, is a closure coefficient
defined by the chosen model for turbulence.

The second term of the right side of Equation (22), is the
dot product of the mean velocity with the Reynolds stress
tensor. It is closed based on the model chosen for the
Reynolds stress tensor. The most common closures used
for the Reynolds stress tensor are linear models based on
the Boussinesq approximation as shown in Equation 25 [32]

e 2 Ouy,
p“}'“é’ =3 (Pk + e M) dij

ou;  Ouy

Ht (8% + 8.%])
This model assumes that the Reynolds stress components
are related to the mean strain rate tensor through an
isotropic eddy viscosity (u¢). Models for the eddy viscosity
vary from simple algebraic (zero equation) models [40],
which require specification of a turbulent velocity and
length scale, to two equations models [38, 41, 42]. In the
two equations models, two partial differential equations
are solved, one for the turbulent kinetic energy [E], and
other for the dissipation rate per unit mass € or for
an average turbulent dissipation rate @. In the former

approacb, the k¥ — € model is achieved, and in the second
one the k — @.

(25)

Algebraic models are numerically robust and easy to
implement (at least for simple geometries). However,
they require changes in their coefficients when applied
to different types of flow fields and ambiguity often arise
when defining turbulence scales for complex geometries.
Two-equation models have a more extensive range of
applicability into complex geometries where it may be
challenging to determine applicable turbulent scales
algebraically. Nevertheless, one equation models that
involve solving a transport equation for a quantity that
can be directly related to the eddy viscosity [43, 44] have
gained popularity in recent years.

2.5 The RANS approach

For the RANS approach, closure models are based on a
two-equation system that defines a transport equation for
k and an additional transport equation. This additional
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equation is based either on the average dissipation rate
per unit mass € or an average turbulence dissipation rate
@ [ k—¢ or k—& models). The shear stress transport (SST)
models developed by Menter, the SST from 1994 [41] and
the SST from 2003 [45] are adopted and here are presented.

Standard Menter
(SST-1994)

SST Two-Equations model

The Menter basic idea, is to keep the formulation of
Wilcox's k& — @ [38, 41, 46] model applicable in inner
parts of the boundary layer and all the way down to the
wall, and take advantage of the Wilcox's k — & model [38]
in areas where it performs better (free streams flows,
especially in the presence of adverse pressure gradients
and in separating flows]. To achieve its objective, Menter
transforms the k& — & model into a variant of the Wilcox's
k—w model, adding a term called cross-diffusion and also,
changing the closing constants as the distance from the
contour wall increases. The procedure followed by Menter
to obtain his k — @ — SST model is presented next [45].

Wilcox k& — w original model (Equation 26 and Equation 27
) 1 [41]:

8 7kR 8 71’2’LkR * —~ 7
R
+ o |:(M+0'k1/~¢t R) kR]
ox; " Oz
0pw) |, 0puie) _mp g i
ot ox; A (27)
o,
+ o, {(/i + UWlMt’R)axj

Menter proposed variation of the Wilcox's & — w original
model (Equation 28 and Equation 29 ) [41]:

0 7]; 0 7~il;3 .7
(gtR) (paux R) =P — " pwkr
' o 12; (28)
R
—+ pr {(“JFU“’“’R)TIJ
Apo) | Opud) 12,
T et
+ (n+ )8‘:} (29)
ox; HT Owake, R ox;
n 2paw2 8I~CR 0w

Multiplying each term of Equation. 26 by a sort of blending
function F (later to be defined), and each term of Equation.

"The subscript R stands for RANS

28 by (1 — F}) and after adding both, the equation for the
energy kg of the turbulence is obtained [41]:

O(pkr)  O(piikr)

=P — B*piok
ot Oz B pokr

- (30)

(1 + ohpe ) s

al‘i

Proceeding in the same way with Equations 27 and 29, it
can be obtained [41]

Ipw) | O(pui®) v, oo
ot + 0x; _I/tP ppe
+i (p+ )a—a’ (31)
81’7; H Gwht,R 81)7,
+2(1 . Fl)p({wz 8kR ow

w  Oxz; Ox;

The last two equations (Equations 30 and 31) are those of
Menter model. The closing constant are obtained applying
the relation given by Equations 32 [41]

¢=Fi¢1 + (1 — F1)¢p2 (32)
being ¢ and ¢ given by Equation 33 [41]
Gi = [Okis Owis Bis By i) (i=12) (33)

An illustrative example of the use of Equation 32 for
calculating the constants in Equations 30 and 31 is here
included:

First, the last term of Equation 26 is multiplied by Fy

ok
{[Fw + Fiop1/ie,R) Do R}
z;

Second, the last term of Equation 28 is multiplied by (1 —
F), obtaining

0
81:,»

Okp

0 {[(1 —F)p+(1- F1)0'k2.ut,R] }

6.’1%‘

83%

Adding the term coming from Equation 22 to the term
coming from Equation 28, the result is [41]

0
8561'

ok
{[/H— (Fiok + (1 — F1)okz) pie,R) &:}

and finally applying the relation defining ¢ (Equation 32),
the above term reduces to

9 ok
8131' (/’L + UkMt,R) axlj‘|

which is the way it is, shown in Equation 30.

Constants of the set ¢1 —Wilcox and of the set ¢ —Menter,
are presented in Table 1.
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Table 1 Coefficients of turbulence closure models

| [ox [ 0w [ B B8] o |
Wi B ow K2
¢1 — Wilcox | 0.85 | 0.5 0.075 | 0.09 g* \/1?2
¢2 —Menter | 1.0 | 0.856 | 0.0828 | 0.09 5—2 — \7’%
Additional functions needed to complete the Menter model -
are given by Equations 34, 36 and 37 [41] _ paikr (40)
0t M= na(onw, SF)
P=t— o, i (34) maz(ayw, SEy)

being t;; the turbulent stress tensor given by Equation 35

[46]
B ou;  0u;\ 2 2
bij = peR Kaxj * &vi) e 5”] ~ 3Pkedy (35)

The function Fy [41, 47], that it is used to couple the
constants of the Wilcox and Menter models, is

~ 4
4ﬁ0—w2kR
9 CDpod?

Fy = tanh {min (36)

where g is given by:
g = max <

and CDy,, by
= - ~ —20
C Dy, = max | 2po,2—=Vkg - V@, 10 (37)
w

Vg 500u
0.090d’ pad?

and dis the distance from the field point to the nearest wall,
it should be noted that the function F} has been designed
so that its value is 1 in areas close to contour surfaces and
0 in distant areas.

The turbulent eddy viscosity i, g (Equations 38) is given as
[41]

parkp
= = 38
s maz (1@, QF) 138)
where oy = 031, Q = 2W;W; , Wy =

L (M’i — 6uf> and the function Fy (Equations 39), is
]

Ox
Vg 400u
0.090d’ pod? ) 1 139)

deflned as [47
from 2003

F5 = tanh [max (

Menter SST Two-Equations Model
(SST-2003)

The SST Menter from 2003 has introduced several changes
to the SST from 1994. The main one is the definition of the
eddy viscosity (Equation 40) which is now written [45]

where S = /25;;S;; and Si; = 3 (8u‘ + auJ>. That

is, in the definition of eddy viscosity, it is no longer used
the magnitude of vorticity. The function P in both the k
and @ equations is replaced by min (P, 106*/}&;/%) , which
implies the introduction of a limiter to P values. The
definition of C' Dy, is changed by using in its second term
10719, instead of 10720, Finally, constants ~; and o are
slightly different (the value 1 is ~ 0.43% higher than the
original one and the value 7, is lower by 0.08%)

2.6 The LES approach

The closure problem in LES can be approached in a similar
way as in RANS by defining an alternative to Equation
26. Following [48], one equation model is presented that
defines the transport equation for k_ as shown in Equation
41 (The subscript L stands for LES).

- - -3
d(pk) = O(puik.) —p_0, pk?
o0x; [(MJrakut’L)V%L}

where t;; (the turbulent stress tensor, Equation 35), is
given substituting kg with k_ and the eddy viscosity 11 r
(Equation 42) with p; 1 Es:

pow = pC2N

where A is the characteristic length of cells. It implies the
decomposition into different zones of the energy spectrum
concerning a cutoff wave number k.., given by the grid size.
Yoshizawa's model assumes A to be the cubic root of the
cell volume. In Equations 41 and 42, Cy and Cs constants
are related to the Smagorinsky constant C;,q4 (Equation

43) [49]. 025
3 .
Csmag = <C’S>
Cq

The Smagorinsky constant typically ranges from 0.065 to
0.2 and on any work, a constant value has to be assumed
within the range given (Yoshizawa's values for the constant
C, and Cy are 0.046 and 1.0 respectively). Furthermore,
the value for o, = 1.0.

(42)

(43)
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2.7 The DES approach

The detached eddy simulation (DES) was developed as
a hybrid approach to merge LES and RANS. The reason
behind the development of DES is to attempt to reduce the
number of points required for accurately solve the flow
close to the wall in 3D simulations. To solve with LES the
flow close to the wall, that is in less than 10% the size
of the computational domain, over 90% of the grid points
are needed [50]. To overcome this difficulty, the RANS
approach is used close to the wall where it is known to
provide accurate mean boundary layer predictions.

Equations 26 and 41, RANS and LES models, can be
blended together (Equation 44), resulting in the following
k transport equation [47]

- ok
I8*piok + (1 —T)Cy pA

opk) , O(puik)
ot 83@

(MY
—_

+

0z; [+ o) V|

(44)
The eddy viscosity u (Equation 45]) is obtained by blending
the ¢ r and p s in the following manner

pe =T+ (1 —T)pe 1es (45)

The blending function I" (Equation 46) is defined as

- 4
Ve 500
r— 4
tanh lm‘m (0.09@1’ ﬁ@d?)] (48]

Depending on the value of T', there are three possible
regions in the flow:

1. The RANS region, where I' = 1. The closure is given by
equations 30 and 31, and k = I%R.

2. The LES region where I' = 0. Equation (41) recovers
and leadsto k = /E:LES.

3. An intermediate region where I' is less than 1, but
greater than 0. In this region, equation (44) applies.

Note that the @ transport equation is solved everywhere in
the computational domain to guarantee continuity, but it
is not used in regions where LES is applicable.

2.8 The energy flux due to inter-species
diffusion

The diffusion velocity of any species k is usually evaluated
from Fick’s law as shown in Equation 47 [32].

D, 0Y;
Vii=——2—F

’ Yk 8:51 [47]

when the Reynolds averaged equation set is considered. It
is usually accepted that the turbulent diffusion can also be

expressed through Fick’s law. Further, it is also assumed
that V; and D are the same for all species, assumption
justified by the premise that an “effective” turbulent
diffusion dominates the molecular diffusion processes
throughout most of the flow field. Then [32]

Y,
YV = —pD op Ve (48)
8:}51»
and
N N
> pYiVihs i(T) = = pDh(T)3E  (49)

k=1 k=1
These two expressions (Equations 48 and 49) simplify to the
following (Equations 50 and 51) [32]:

Y, Vi
pDa kzﬁDa k

50
axi 8$i [ ]

Y 8Y
YorsypDh (T Z pDho(T)SE (51)

which implies that turbulent fluctuatlons effects are
neglected on the mixture diffusivity, and conventional
averages assumed equivalent to mass weighted averages.
Itis worth noting that the effect of temperature fluctuations
on species enthalpy has to be ignored to arrive at the above
expression for the averaged interspecies diffusion terms.
The turbulent transport of a scalar property has always
been modeled using the gradient diffusion approach. For
instance, the Reynolds mass flux (Equations 52) can be
modeled as [32]

e Y},
SCt al’Z

The turbulent Schmidt (S¢;) number defines the ratio of
the turbulent momentum transport rate to the turbulent
mass transport rate. Constant values for the Schmidt
number are usually assumed in applications of engineering
interest, even though values for this coefficient have been
shown to vary spatially [39].

Pyl = (52)

The terms that generally require most attention by model

o, I/)

developers are: the Reynolds stress tensor (pu U

Reynolds heat flux vector [ph” /), Reynolds mass flow

vector [ka” /), and the chemical source term [wy).
The turbulent diffusion rates are controlled by turbulent
Prandtl (Pr;) and Schmidt (Sc;) numbers. Constant values
for these numbers are usually assumed in applications (in
low as well as in high speed reacting flows of engineering
interest), even though values for these coefficients have
been shown to vary spatially (Table 2, [39]).

Numerical studies have suggested that when attempting to
characterize high-speed devices (that contain a variety of
different mechanisms) with constant turbulent transport
coefficients, care is required.
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Table 2 Turbulent Prandtl and Schmidt number values

Flow Fields Pry Sce |
Planar Jets 0.2-3.0 | 0.1-2.2
Round Jets 0.7-2.0 1 0.1-20
Backward Facing Step 0.7-3.0 NA
Jet into Cross Flow NA 0.1-0.5
Injection behind a Blunt Body NA 0.2-0.7

3. Chemical production rates

The most common species production rates used for
reacting flows are built based on a laminar chemistry
formulation. This approach based on laminar chemistry
assumption ignores turbulence-chemistry interactions by
evaluating the chemical source terms based only on mean
flow properties. Any of the reactions between the N
species, can be written in a compact form as shown in
Equations 53 and 54 [51]

N K N
D1 Vi [Cr] = 2oy vl Ci] (53]
N kKl N
e VatlCrl = Yok Vi [Cil (54)
where vt and v}, are the reactant and product

stoichiometric coefficients for species &, k‘lf and k}
the forward and backward rate constants of any reaction [
from the total number of reactions nR. [C}] is the molar
concentration of species k involved. After introducing the
mass reaction rates (pYy/Wy), being Wy, the molecular
weight of the species, the rate progress (RP), (Equation
55) of reaction [ can now be written as follows [34]:

N v N P
Yk kl Yk kl
RP), = kI () — K () (55)
(RP), lk|:|1 P z]};[l PT

If forward rates and the equilibrium constants are used to
determine backward rates [32, 34], the rate production of
species k due to reaction [, is written in the form shown in
Equation 56

r = Wian (v — vij) (RP), (56)

Note that on the rate production wy; for species k, the
factor a; accounts for third body effects. Finally, the total
rate of species k is the nR sum of rates wy; (Equation 57)
produced by each reaction, therefore [34]

nR
O = Zwkl (57)
=1

This value wy, is used when the heat released wp, due to
chemical activity of all the species is computed (Equation
9). The matrix of stoichiometric coefficients resulting from
any chemical system has dimension N x nR, and from
this matrix, a set of N stiff ODES in each control volume
and time step, must be assembled and solved [52].

4. The model forthe equation of state

It is assumed that the fluid behaves as a mixture of perfect
gas (Equation 58). Therefore the pressure p is given by [32]

N N R N Y,
= = —T =pR — | T (58
- pn - pet e ()

=1

Since the mixture gas constant (Equations 59] is defined by
[34]

Ny,
Ropiz = RS =2 (59)
2w,

the equation of state (Equations 60) can now be written as
[34] o

where to minimize closure difficulties, the effects of
composition fluctuations on the equation of state are
neglected

5. Conclusions

In this paper, essential aspects of RANS, LES, and DES
methodologies for turbulence modeling are described. The
needed theoretical formalism to develop and closure an
energy equation applicable to turbulent reactive flows was
discussed. This work was motivated because the authors
consider that models built based on theoretical arguments
are more satisfactory than models built from practical
arguments, even if a practical model provides better
results for one specific case. However, in industrial as well
as in academic environments, the available computational
framework has a strong influence when decisions are to be
made.

6. Declaration of competing interest

| declare that | have no significant competing interests
including financial or non-financial, professional, or
personal interests interfering with the full and objective
presentation of the work described in this manuscript.

7. Funding

This work has been partially supported by the National
University of Coérdoba (Cérdoba-Argentina) with the
project: "Development and application of theoretical,
numerical, experimental and computational codes
in mechanics of fluids and chaotic intermittency”.
Also has been partially supported by the Universidad
Catdlica de Cérdoba (Cérdoba-Argentinal, and in its end
stage by the Fundacién Universitaria los Libertadores
(Bogota-Colombial.



L. F. Gutiérrez Marcantoni et al., Revista Facultad de Ingenieria, Universidad de Antioquia, No. 107, pp. 131-140, 2023

8. Authors contributions

Tamagno J.P, Elaskar S.A and Gutiérrez Marcantoni L.
F performed the research, data collection, analysis and
writing.

9. Data availability statement

The author confirms that the findings of this study are
available within the article.

References

11

J. Tamagno, S. Elaskar, and G. A. Rios, “Numerical simulation of
time-dependent reacting flows in pulse facilities,” Applied numerical
mathematics, vol. 47, no. 3-4, pp. 515-530, 2003.

S. Frolov, “Natural-gas-fueled pulse-detonation combustor,”
Journal of Propulsion and Power, vol. 30, no. 1, pp. 41-46, 2014.

J. Saldia, S. Elaskar, and J. Tamagno, “A scheme for inviscid
compressible flow, considering a gas in thermo-chemical
equilibrium,” International Journal of Computational Methods,
vol. 12, no. 03, p. 1550015, 2015.

J. Saldia, S. Elaskar, and J. Tamagno, “Numerical simulations
using tvd schemes of two-dimensional supersonic flow in chemical
equilibrium,” International Journal of Computational Methods, vol. 14,
no. 02, p. 1750020, 2017.

L. F. Gutiérrez Marcantoni, J. Tamagno, and S. Elaskar, “Rans
simulation of tubulent difussive combustion using openfoam,”
Journal of Applied Fluid Mechanics, vol. 9, no. 2, pp. 669-682, 2016.
[Online]. Available: http://jafmonline.net

L. F. Gutiérrez Marcantoni, J. Tamagno, and S. Elaskar,
“rhocentralrffoam: An openfoam solver for high speed chemically
active flows-simulation of planar detonations,” Computer Physics
Communications, vol. 219, pp. 209-222, 2017.

L. F. Gutiérrez Marcantoni, J. Tamagno, and S. Elaskar,
“Two-dimensional numerical simulations of detonation cellular
structures in h2-o2-ar mixtures with openfoam®,” International
Journal of Hydrogen Energy, vol. 42, no. 41, pp. 26 102-26 113, 2017.
[Online]. Available: http://www.sciencedirect.com/science/article/
pii/S0360319917334912

L. F. Gutiérrez Marcantoni, J. Tamagno, and S. Elaskar, "A
numerical study on the impact of chemical modeling on simulating
methane-air detonations,” Fuel, vol. 240, pp. 289-298, 2019.

S. Chen and D. Zhao, “Rans investigation of the effect of pulsed
fuel injection on scramjet hyshot ii engine,” Aerospace Science and
Technology, vol. 84, pp. 182-192, 2019.

H. Wang, Z. Wang, M. Sun, and N. Qin,
“Large-eddy/reynolds-averaged navier-stokes simulation  of
combustion oscillations in a cavity-based supersonic combustor,”
International journal of hydrogen energy, vol. 38, no. 14, pp.
5918-5927, 2013.

M. A. Guevara-Luna and L. C. Belalcazar-Cerdn, “Ngl supersonic
separator: modeling, improvement, and validation and adjustment
of k-epsilon rng modified for swirl flow turbulence model,” Revista
Facultad de Ingenieria Universidad de Antioquia, no. 82, pp. 82-93,
2017.

L. F. Garcia-Rodriguez, J. E. Jaramillo, and J. L. C. Velasco,
“Chicamocha canyon wind energy potential and vawt airfoil selection
through cfd modeling,” Revista Facultad de Ingenieria Universidad de
Antioguia, no. 94, pp. 56-66, 2020.

K. Hanjalic, “Will RANS survive LES? aview of perspectives,” Journal
of Fluids Engineering, vol. 127, no. 5, pp. 831-839, 2005.

[14]

(18]

[16]

(171

(18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]

[34]
(35]

[36]
(37]

[38]

Y. Ma, N. R. Vadlamani, J. Cui, and P. Tucker, “Comparative studies
of RANS versus large eddy simulation for fan-intake interaction,”
Journal of Fluids Engineering, vol. 141, no. 3, p. 031106, 2019.

B. Chaouat, “The state of the art of hybrid rans/les modeling for
the simulation of turbulent flows,” Flow, Turbulence and Combustion,
vol. 99, no. 2, pp. 279-327, 2017.

G. I. Park and P. Moin, “Numerical aspects and implementation of a
two-layer zonal wall model for les of compressible turbulent flows
on unstructured meshes,” Journal of Computational Physics, vol. 305,
pp. 589-603, 2016.

I. Celik, "RANS/LES/DES/DNS: the future prospects of turbulence
modeling,” Journal of Fluids Engineering, vol. 127, no. 5, pp. 829-830,
2005.

N. Belkheir, R. Dizene, and S. Khelladi, “A numerical simulation
of turbulence flow around a blade profile of hawt rotor in moving
pulse.” Journal of Applied Fluid Mechanics, vol. 5, no. 1, 2012.

F. F. Grinstein and G. E. Karniadakis, “Alternative les and hybrid
RANS/LES for turbulent flows,” Journal of Fluids Engineering, vol.
124, no. 4, pp. 821-822, 2002.

H. Pitsch, “Large-eddy simulation of turbulent combustion,” Annu.
Rev. Fluid Mech., vol. 38, pp. 453-482, 2006.

C. Fureby, “Towards the use of large eddy simulation in engineering,”
Progress in Aerospace Sciences, vol. 44, no. 6, pp. 381-396, 2008.

K. Makowka, N. C. Droske, J. von Wolfersdorf, and T. Sattelmayer,
“Hybrid RANS/LES of a supersonic combustor,” Aerospace Science
and Technology, vol. 69, pp. 563-573, 2017.

Y. Hoarau, S.-H. Peng, D. Schwamborn, and A. Revell, Progress in
Hybrid RANS-LES Modelling: Papers Contributed to the éth Symposium
on Hybrid RANS-LES Methods, 26-28 September 2016, Strasbourg,
France. Springer, 2018, vol. 137.

G. G. Silva, N. Prieto, and |. Mercado, “Large eddy simulation (les)
aplicado a un lecho fluidizado gas-sélido. parte i: Reactor a escala
de laboratorio,” Revista UIS Ingenierias, vol. 17, no. 1, pp. 93-104,
2018.

M. Di Renzo, A. Coclite, M. D. de Tullio, P. De Palma, and G. Pascazio,
“Les of the sandia flame d using an fpv (flamelet progress variable)
combustion model,” Energy Procedia, vol. 82, pp. 402-409, 2015.

F. Nicolds-Pérez, F. Velasco, J. Garcia-Cascales, R. Oton-Martinez,
A. Lépez-Belchi, D. Moratilla, F. Rey, and A. Laso, “On the
accuracy of RANS, DES and LES turbulence models for predicting
drag reduction with base bleed technology,” Aerospace Science and
Technology, vol. 67, pp. 126-140, 2017.

N. Ashton, A. West, S. Lardeau, and A. Revell, “Assessment
of RANS and DES methods for realistic automotive models,”
Computers & fluids, vol. 128, pp. 1-15, 2016.

P. Catalano and M. Amato, “An evaluation of RANS turbulence
modelling for aerodynamic applications,” Aerospace science and
Technology, vol. 7, no. 7, pp. 493-509, 2003.

J. G. Ardila Marin, D. A. Hincapié Zuluaga, and J. A. Casas Monroy,
“Comparison and validation of turbulence models in the numerical
study of heat exchangers,” Tecciencia, vol. 10, no. 19, pp. 49-60, 2015.
W. D. Pires Fonseca, R. Rosario da Silva, R. Marcondes Orselli,
A. Agrico de Paula, and R. Galdino da Silva, “Numerical study of
airfoil with wavy leading edge at high reynolds number regime,”
Revista Facultad de Ingenieria Universidad de Antioquia, no. 98, pp.
69-77, 2021.

P. R. Spalart, “Detached-eddy simulation,” Annual review of fluid
mechanics, vol. 41, pp. 181-202, 2009.

T. Poinsot and D. Veynante, Theoretical and numerical combustion.
RT Edwards, Inc., 2005.

A. Favre, “Statistical equations of turbulent gases,” Prob. of
Hydrodynamics and Continuum Mechanics, pp. 232-266, 1969.

K. K. Kuo, Principles of combustion, 2nd ed. John Wiley Sons, 2005.
N. Peters, Turbulent Combustion, ser. Cambridge Monographs on
Mechanics. Cambridge University Press, 2000.

F. A. Williams, Combustion theory. CRC Press, 2018.

J.Xu, D. Chen, Y. Song, S. Ji, and Y. Zhou, “Mean flow compressibility
effects in transonic turbulence modeling,” Aerospace Science and
Technology, vol. 79, pp. 492-499, 2018.

D. C. Wilcox et al., Turbulence modeling for CFD. DCW industries La

139


http://jafmonline.net
http://www.sciencedirect.com/science/article/pii/S0360319917334912
http://www.sciencedirect.com/science/article/pii/S0360319917334912

140

L. F. Gutiérrez Marcantoni et al.,, Revista Facultad de Ingenieria, Universidad de Antioquia, No. 107, pp. 131-140, 2023

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Canada, CA, 2006.

R. Baurle, “Modeling of high speed reacting flows: established
practices and future challenges,” in 42nd AIAA Aerospace Sciences
Meeting and Exhibit, 2004, p. 267.

B. Baldwin and H. Lomax, “Thin-layer approximation and algebraic
model for separated turbulentflows,” in 7éth aerospace sciences
meeting, 1978, p. 257.

F. Menter, “Zonal two equation k-w turbulence models for
aerodynamic flows,” in 23rd fluid dynamics, plasmadynamics, and
lasers conference, 1993, p. 2906.

D. F. Robinson and H. Hassan, “Two-equation turbulence closure
model for wall bounded and free shear flows,” AIAA journal, vol. 36,
no. 1, pp. 109-111, 1998.

B. Baldwin and T. Barth, “A one-equation turbulence transport
model for high reynolds number wall-bounded flows,” in 29th
Aerospace Sciences Meeting, 1991, p. 610.

S. R. Allmaras and F. T. Johnson, “Modifications and clarifications
for the implementation of the spalart-allmaras turbulence model,”
in Seventh international conference on computational fluid dynamics
(ICCFD7], vol. 1902. Big Island, HI, 2012.

F. R. Menter, M. Kuntz, and R. Langtry, “Ten years of industrial
experience with the sst turbulence model,” Turbulence, heat and
mass transfer, vol. 4, no. 1, pp. 625-632, 2003.

[46]

[47]

(48]

(491

[50]

[51]

[52]

D. C. Wilcox, “Formulation of the kw turbulence model revisited,”
AIAA journal, vol. 46, no. 11, pp. 2823-2838, 2008.

A. Mancini, "Detached eddy simulations of single and coaxial
supersonic jets,” Ph.D. dissertation, University of Leicester,
Department of Engineering, 2018. [Online]l. Available: http:
//hdl.handle.net/2381/42505

A. Yoshizawa, “Statistical theory for compressible turbulent shear
flows, with the application to subgrid modeling,” The Physics of fluids,
vol. 29, no. 7, pp. 2152-2164, 1986.

J. Smagorinsky, “General circulation experiments with the primitive
equations: |. the basic experiment,” Monthly weather review, vol. 91,
no. 3, pp. 99-164, 1963.

U. Piomelli, “Large eddy simulations in 2030 and beyond,”
Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, vol. 372, no. 2022, p. 20130320,
2014.

C. K. Westbrook, Y. Mizobuchi, T. J. Poinsot, P. J. Smith,
and J. Warnatz, “Computational combustion,” Proceedings of the
Combustion Institute, vol. 30, no. 1, pp. 125-157, 2005.

G. Bader and P. Deuflhard, “A semi-implicit mid-point rule for stiff
systems of ordinary differential equations,” Numerische Mathematik,
vol. 41, no. 3, pp. 373-398, 1983.


http://hdl.handle.net/2381/42505
http://hdl.handle.net/2381/42505

