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Large-eddy simulations using the flamelet models are applied to turbulent reacting
liquid flows and validated by comparing with the experiments. The computations are
performed for two reaction conditions, namely a rapid reaction and a moderately fast
reaction in a grid-generated turbulent flow. For the flamelet models, both the steady
flamelet model and the unsteady Lagrangian flamelet model are tested. A second-order,
irreversible, and isothermal reaction is considered. The results show that the flamelet
models inherently developed for turbulent combustion are applicable to turbulent react-
ing liquid flows, provided that the model coefficient in evaluating the subgrid scale var-
iance of mixture fraction in the scale-similarity model is set to be 5.0. The rapid reaction
can be adequately predicted by both the steady and unsteady Lagrangian flamelet
models, whereas the moderately fast reaction can be predicted only by the unsteady
Lagrangian flamelet model which is capable to take slow chemical processes into
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Introduction

Turbulent reacting liquid flows are widely encountered in
many industrial and environmental flows. It is therefore of
great importance to develop the numerical simulation tech-
nique for them in designing chemical reactors and in predict-
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ing turbulent diffusion of chemical pollutants in rivers and
ocean.

Large-eddy simulation (LES) is a very attractive tool for
numerically simulating turbulent reacting flows with high
Reynolds numbers so that a large number of studies have
been done for gas flows such as combustion.' ™ However,
the studies on liquid flows are extremely limited. One of the
reasons is attributed to the fact that Schmidt number Sc
(= v/D where v is the kinematic viscosity and D is the
diffusion coefficient) of liquid flows is generally much larger
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than unity (S¢ =~ 600) so that Batchelor length scale which
is a small-scale variation of passive scalar yg (:nK/Sc”2
much smaller than Kolmogorov length scale 7k, unlike gas
flows where Sc is around unity. Therefore, more detailed dis-
cussion is needed for the application of conventional turbu-
lent reaction models, most of which have been proposed for
combustion, to LES of turbulent reacting liquid flows.

Recently, Michioka and Komori® proposed a conserved sca-
lar model and a direct closure model for turbulent reacting liq-
uid flows with rapid and moderately fast reactions, respec-
tively, by performing direct numerical simulation (DNS) and
LES. The LES results were compared with the measure-
ments.”~'® What should be remarked in their results most is
the modeling of subgrid scale (SGS) variance of a conserved
scalar, namely mixture fraction Z, which is an input parameter
in using assumed probability density functions for turbulent
reaction models. The SGS variance of Z, Z'%, is modeled by
Cook and Riley'" under a scale-similarity assumption as

_ — 5 ~2
7% = C,2" = Cy <22 - z), (1)

where C is the model coefficient, 7' is the fluctuation of Z
(e, Z=7+ Z”), and the bar and tilde denote the grid- and
test-filtering values, respectively. This assumes that the largest
unresolved scales have a structure similar to the smallest
resolved scales. Although the value of C is generally believed
to be around unity,12 Michioka and Komori® suggested that the
adequate value of C for LES of turbulent reacting liquid flows
is 5.0. By using this value, their LES results were in good
agreement with the measurements.> However, there remains
a problem that their models contain uncertain SGS conditional
expectations and do not cover arbitral reaction mechanism and
reaction rate as a universal model.

The purpose of this study is to apply other turbulent reac-
tion models, namely the flamelet models'™ inherently devel-
oped for diffusion combustion, to LES of turbulent reacting
liquid flows and validate this approach by comparing with
the measurements.®® The marked advantage of the flamelet
models is that the reacting flows with a lot of chemical spe-
cies and steps can be simulated at relatively lower computa-
tional costs than others. The computations are performed for
a reacting grid-generated turbulent flow with rapid or moder-
ately fast reaction,(*9 where a second-order, irreversible, and
isothermal reaction (A + B — 2P) is considered. For the
flamelet models, both steadyl’2 and unsteady Lagrangian“
flamelet models are tested.

Field Description and Numerical Method
Field description

The computational domain and conditions were set to be
identical to the experimental ones by Komori et al.’”
Figure 1 shows the schematic of the computational domain
and conditions. The simulated flow was a grid-generated
turbulent liquid flow.>™ The computational domain was 520
mm X 80 mm x 80 mm in streamwise, vertical, and
spanwise directions. At the entrance of the computational
domain, a splitter plate with 20-mm length was installed at
the center, and a turbulence-generating grid was located at
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Figure 1. Computational domain and conditions.

20 mm downstream from the entrance. As the round-rod
grid with a diameter of 3.0 mm used in the experiments
could not be used in the simulation due to the limitations of
the coordinate system and the computation cost, the square
rod with a thickness of 2.0 mm was set as a turbulence-gen-
erating grid. The mesh size of the turbulence-generating grid
(i.e., space between the rods) M was 20 mm. The cross-sec-
tionally averaged fluid velocity U, was 0.25 m/s.

Passive scalar species A and B (i.e., reactants A and B)
introduced separately in the upper and lower streams were
mixed and reacted in the central region. The reactions pre-
sumed were a rapid reaction between acetic acid (species A)
and ammonium hydroxide (species B) as

CH;3;COOH + NH4OH — CH3COONH,4 + H,0  (2)

and a moderately fast reaction between sodium hydroxide
(species A) and methylformate (species B) as

NaOH + HCOOCH3; — HCOONa + CH;0H 3)

Herein, the initial concentrations of the species A and B for the
rapid reaction were 10 mol/m’ and those for the moderately
fast reaction were 100 mol/m>. The reaction rate constants ,
were 10° ms/(mol s) for the rapid reaction and 0.02 m3/(mol S)
for the moderately fast reaction, respectively.

Large-eddy simulation

For LES using the flamelet models, velocity and mixture
fraction Z fields are solved in the physical space and the val-
ues of the concentrations of the passive scalar species,
namely reactants A and B, and product P at each position
are obtained by referring to a database so-called ‘“‘flamelet
library,” which is generated beforehand by solving one-
dimensional flamelet equations in the Z space. The nondi-
mensional governing equations for LES in the physical space
are the filtered conservation equations of mass, momentum
(Navier—Stokes (N-S) equation), and Z given by

oU;

=i 4

o O )
ou; oU;U;  OP 1 0'U; Ot )

o oy Ox  Redyox ox

0Z OU,Z 1 PZ  Oqy ©)
ot = Ox;  ReScOxjox; 0Ox;’

where U; is the velocity vector, P is the pressure, and the bar
denotes the grid-filtering value. It should be noted that the
mixture fraction Z can be regarded as reactant A in the
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nonreacting case. All quantities are nondimensionalized by
using the grid mesh size M and the cross-sectionally averaged
fluid velocity U,,.. Hence, the Reynolds numbers Re
(=UpeM/v) was 5000 and the Schmidt number was Sc =
v/Dz = 600. Here, v is the kinematic viscosity of fluid and D,
is the diffusivity of Z. It was assumed in this LES that fluid
properties of species A, B, P, and Z are equivalent. The subgrid
momentum and scalar transport terms t;; and ¢; were obtained
using the dynamic procedure.”’14 The test filter for the
velocity was taken in the streamwise, vertical, and spanwise
directions, whereas that for the mixture fraction Z was taken in
the streamwise and spanwise directions because the vertical
distribution of Z in the central mixing region is awfully
inhomogeneous especially in the upstream region.

The governing equations were discretized on a staggered
mesh arrangement to construct a finite-difference formation.
The spatial derivatives in the filtered N-S and Z equations
were approximated by a second-order central difference
scheme. The nonlinear terms in the filtered NS and Z equa-
tions are discretized by a second-order fully conservative fi-
nite-difference scheme'® and a QUICK scheme,16 respec-
tively. A fractional step method and a second-order explicit
Runge—Kutta method were used for the time advancement.
The slip boundary conditions were imposed on the velocity
components on the upper, lower, and side walls because the
computational domain was smaller than the experiments, and
the convective outflow condition was applied to the outflow
boundary in the streamwise direction. The velocity compo-
nents on the turbulence-generating grid were set to be zero.
For the mixture fraction Z, the Neumann condition was
imposed on the walls except for the inflow boundary. For the
initial flow velocity and mixture fraction Z concentration, the
inflow conditions were imposed in the whole region on the
upper and lower sides, respectively. The numbers of the grid
points used here were 520 x 80 x 80 in the streamwise, verti-
cal, and spanwise directions, respectively. The fine grids were
given near the turbulence-generating grid. The number of grid
points was determined by comparing the numerical results
obtained by computations with various numbers of grid points
and grid formations around the turbulence-generating grid.
The resolutions are 0.3—1.0 mm in the streamwise direction
and 0.8—1.3 mm in the vertical and spanwise directions. Judg-
ing from the experiments,”® these are within the inertial sub-
range in an energy spectrum. Therefore, the use of the subgrid
model*'* is considered to be adequate. However, the subgrid
model for scalar transport may need to be improved because
of its high Schmidt number, as discussed later. As new sub-
grid scalar transport models for the high Schmidt number sca-
lar have been proposed very recently (e.g., Burton'”), the vali-
dation study is our future work.

Flamelet model

The one-dimensional flamelet equations in the Z space for
generating the flamelet library is given in a nondimensional
form by

81",— 1821“1-
=573, T Wi
ot 2072

@)

where I is the concentration of species i, y is the scalar
dissipation rate, and w; is the reaction rate of species i. All
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quantities are nondimensionalized by using M, U,y., and initial
concentration of species A and B (=I). 7 is the Lagrangian
type flamelet time defined by®

X

= / %dx’, (8)
) <Uz|Zg > (¥',1)
where ( Uz | Zg) is the resolved axial velocity of the
stoichiometric mixture fraction surface in the physical space.
When a second-order, irreversible, and isothermal reaction (A
+ B — 2P) is considered, w; is expressed as wy = wp =
—Dal'aly and wp = +42Dal sIg. Here, the Damkdhler
number is defined by Da = kMIy/U,,.. For the steady
flamelet model,"* as the time variation represented by the left-
hand side term is neglected and the value of y is generally
given as a function of Z using a stoichiometric scalar
dissipation rate yg (=y(Zy) where Z is the stoichiometric
mixture fraction), the values of I; can be tabulated as
functions of Z and y as I; (Z, ys). On the other hand, for
the unsteady Lagrangian flamelet model,’, the numerical
procedure becomes more complicated. The value of y is given
as a function of Z by referring to the relation of ¥ and Z in the
physical space. However, as the distribution of y(Z) depends
on location and time in the physical space, I'; can be tabulated
as functions of Z, x and t as I (Z, x, ). Thus, the flamelet
library for the unsteady Lagrangian flamelet model is
dependent on the configuration and flow behavior of the
combustion field of interest, although that of the steady
flamelet mode is not.
The values of T in the Z space and I'; in the physical
space are related as

1
ri— [ iz or@. ©)
0
1
Ti(x, 1) = / [(Z, %, 0P(Z,x, 1)dZ, (10)
0

for both the steady and unsteady Lagrangian flamelet models,
respectively. Here, P(Z) and P(Z,x,t) are presumed to follow a
p-function, whose shape is determined by the mean Z and the
SGS variance of Z, namely Z and Z'? (the validity of the
p-function is discussed in Michioka and Komoris). Therefore,
for LES, the table of I (Z,y,,) was retabulated as ';(Z,Z"2,7%)
for the steady flamelet model and that of I; (Zx,) was
retabulated as T;(Z,Z",x,t) for the unsteady Lagrangian
flamelet model, respectively. Here, 7 in the physical space was
given as

2 [1 D[] 0Z 0Z

ReSc D. c')Tc,BTc,’ (an

7=
where D, is the SGS turbulent diffusivity evaluated using the
dynamic procedure.* Equation 7 was implicitly solved with
3000 computational grid points in the Z space. The detailed
descriptions of the flamelet models coupled with LES and the
generation of the flamelet library are given in Pitsch and
Steiner’ and Baba and Kurose.'®
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Figure 2. Streamwise distributions of turbulence inten-
sities of longitudinal and vertical velocity
fluctuations.

Symbols are experimental results in Ref. 4.

Numerical conditions

The computations were performed for the gird-generated
turbulent flow with the rapid or moderately fast reaction.
The Damkohler number Da for the rapid and moderately fast
reactions were 8.0 x 107 and 0.16, respectively, and these
reactions were expressed by both the stﬂiyl’2 and unsteady
Lagrangian3 flamelet models. Although Z'? is often modeled
by the scale-similarity model (Eq. 1), this scale-similarity
model is known to require a model coefficient C; depending
on the grid size of the test filter and Reynolds number.'"'*
Therefore, in addition to the scale-similarity model with
Cz = 0, 1.0, and 5.0, an alternative approach, in which
no model coefficient exists, was also tested here. The alge-
braic model for Z'?> was derived by Pierce and Moin* under
the assumptions of local homogeneity and local equilibrium
for the SGSs as Z'> = C, A’ | \V Z I> where the value of
C’Z is determined dynamically and A is the local filter width.
This model is referred to as dynamic model, hereafter.

According to the experiments]‘9 Kolmogorov length and
time scales in the simulated isotropic turbulent flow are
130-310 um and 1.8 x 1072 to 9.4 x 102 s, respectively.
On the other hand, the approximate elapse times to the
steady state for the computation of the one-dimensional
flamelet equations are 1.0 X 107% s in the case of the rapid

reaction and 300 s in the case of the moderately fast reac-
tion. Although the actual comparison of the Kolmogorov
length scale and reactive-diffusive layer thickness cannot be
done here by lack of the latter data in the experiments, the
flamelet concept is considered to be justified at least for the
rapid reaction, as the reaction time scale for the rapid reac-
tion is much faster than that of the Kolmogorov time scale.

Results and Discussion
Flow and mixture fraction fields

The comparisons of the streamwise distributions of turbu-
lence intensities of the longltudlnal and vertical velocity
fluctuations, <U > and <V?>, between the LES and the
measurements®™ are shown in Figure 2. Here, the bracket (
) denotes the time-averaged (mean) value and U is the fluc-
tuation from the mean value (e, U; = < U; > + U ). This
relation is replaced for LES as U; = < U; > + U There-
fore, the value of <U 2> is given by taking the SGS fluctua-
tion into account as

<UP >=<T> > +<U”? > . (12)

where the first and second terms on the right-hand side are the
GS and SGS fluctuations, respectively. The second term is
neglected, as it is considered that the grid spacing given here is
comparable with the Kolmogorov scale, and the effect of the
SGS fluctuation is negligible. The profiles of < U?> and <
V2 > are found to monotonously decrease in the region of x >
5, which generally agree with the measured data following a
—1.4th power low decay.

Figure 3 displays the distribution of instantaneous mixture
fraction on the x—y plane. In addition, the streamwise distribu-
tions of the predicted mean-squared mixture fraction fluctua-
tions < Z2 > for the scale-similarity model'! with C ~,=20, 1.0,
and 5.0 and the dynamic model” are compared with the meas-
ured mean-squared concentration fluctuation of reactant A in
the no-reaction case®™ in Figure 4. In the figure, the scale-simi-
larity and dynamic models are referred to as SSM and DM,
respectively. Here, Z is the fluctuation from the mean value
(e, Z=<Z>+ VA ). This relation is replaced for LES as Z =
<Z > + Z. Tt should be noted that these predicted and meas-
ured values are supposed to be identical because the mixture
fraction Z corresponds to the reactant A in the no- reacuon case,
as explained earlier. Similar to < U 2 > the value of < Z2 > is
given by taking the SGS fluctuation into account as

<Z?>=<7" > +<27 > . (13)

Here, the first and second terms on the right-hand side are the
GS fluctuation and SGS fluctuation, respectively. Turbulent

0.0 m—— . | .0

Figure 3. Distribution of instantaneous mixture fraction on the x-y plane.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Streamwise distributions of mean-squared
mixture fraction fluctuation.

Symbols are experimental results in Ref. 4. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

mixing is found to proceed towards downstream. Although the
profile for the scale-similarity model with C; = 0 is much
lower than the measured data, it approaches to them as the
value of C7 increases. Also, the profile is in best agreement
with the measured data by using C, = 5.0, which corresponds
to the value proposed by Michioka and Komori.” The reason of
C, = 5.0 is speculated in the study of Michioka and Komori’
in terms of the energy spectrum of concentration fluctuation.
That is, as the Schmidt number increases, the viscous—
convective subrange in an energy spectrum of concentration
fluctuation spreads to the higher wave number region and
exists at far smaller scales than the Kolmogorov scale, which
causes the increase in the SGS concentration variance. In
contrast, the test-filtered concentration variance has almost the
same value irrespective of the Schmidt number, as the effect of
the Schmidt number appears at smaller scales than the grid
scale. As a result, C, tends to increase. In fact, Michioka and
Komori® showed that as the Schmidt number increases, the
value of C increases and reaches to 5.0 by performing DNS of
isotropic turbulent liquid flows. On the other hand, compared
with the scale-similarity model, the profile of < Z? > for the
dynamic model is hardly improved. The fact that the value of

< Z"? > obtained by the dynamic model tends to be smaller

1.0 ; . - .

o Exp. .
SSM(C,=0)
- - - - SSM(C,=1.0) '
——SSM(C,=5.0) i
——DM

0.0
0

Figure 5. Streamwise distributions of mean concentra-
tion of product P obtained by steady flamelet
model.

Symbols are experimental results in Ref. 5. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

than that by the scale-similarity model with C; = 1.0 is also
reported by Pierce and Moin.*

Rapid reaction

The streamwise distributions of mean concentration of
product P, <I'p > (= <Ip>) for the rapid reaction
obtained by the steady flamelet model are compared with the
measurements’ in Figure 5 (for reference, the distribution of
instantaneous concentration of product P on the x—y plane
for the scale-similarity model with C; = 5.0 is shown in
Figure 6). The profiles for the scale-similarity model with Cz
= 5.0 are in good agreement with the measured data, and
the profiles for the scale-similarity model with C; = 0 and
1.0 and the dynamic model are larger than that for the scale-
similarity model with C; = 5.0 because of the low value of

< 7" >, as shown earlier. Even for the scale-similarity
model with C; = 5.0, the discrepancy from the measure-
ments’ is marked in the upstream region of around x = 3.
This is considered due to the fact that the present LES fails
to capture the development of the turbulence in the upstream
region because of the coarse grids. In fact, as shown in

0.0 . .0

Figure 6. Distribution of instantaneous concentration of product P on the x-y plane for rapid reaction obtained by
steady flamelet model (scale-similarity model with C> = 5.0).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Distributions of instantaneous concentration of product P on the x-y plane obtained by steady and
unsteady Lagrangian flamelet models (scale-similarity model with C; = 5.0).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2, the turbulence intensity of vertical velocity fluctua-
tion is underestimated in the upstream region. Although the
results are not shown here, the profiles of < I'p > obtained
by the unsteady Lagrangian flamelet model exhibited the
similar trends and agreed well with those obtained by the
steady flamelet model. This suggests that the adequate value
of C; of 5.0 is independent of the type of flamelet model.

Moderately fast reaction

Figure 7 displays the distributions of instantaneous con-
centration of product P on the x—y plane for the moderately
fast reaction obtained by both the steady and unsteady
Lagrangian flamelet models with C; = 5.0. It is clearly
observed that the concentration of product P is much lower
for the unsteady Lagrangian flamelet model than for the
steady flamelet model. The concentration of product P

1.0 : '
o  Exp.
SSM(C,=0)
== ==8SM(C,=1.0)
_ ——SSM(C,=5.0)
i ——DM
0.5¢ |
é‘ =
S o
0,0 ©
o
0.0 il |
05 10 20

x[-]

Steady flamelet model

obtained using the steady flamelet model seems to increase
nearly up to the value for the rapid reaction case (Figure 6)
in spite of much lower Da for the moderately fast reaction
case.

The quantitative comparison of the streamwise distribu-
tions of < I'p > obtained by both the steady and unsteady
Lagrangian flamelet models are shown in Figure 8, together
with the measurements.” It is observed that the profiles of <
I'ps > obtained by the steady flamelet model exhibit much
higher than the measured data. This is because the steady
flamelet model cannot be inherently applied to reacting flows
with slow reaction rates. On the other hand, the profiles of
< I'p > obtained by the unsteady Lagrangian flamelet model
agree well with the measured data. This suggests that the
unsteady Lagrangian flamelet model is applicable to LES of
turbulent reacting liquid flows with arbitrary reaction rates,
although this model possesses an inconvenience that the

1.0 . :
o] Exp_
—— SSM(C,~0)
=== = 8SM(C,=1.0)
_ I ——SSM(C,=5.0)
—_— —— DM
{} 0.5+ -
\"%
O
S (o]
0.0 s y
0 10 20

x [-]

Unsteady Lagrangian flamelet model

Figure 8. Streamwise distributions of mean concentration of product P obtained by steady and unsteady Lagran-

gian flamelet models.

Symbols are experimental results in Ref. 5. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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flamelet library is dependent on flow fields. It is also found
that the effect of the difference in the model of Z'? is small,
namely the deviations of the other models from the scale-
similarity model with C; = 5.0 are small for the moderately
fast reaction case, compared with the rapid reaction case.
This is attributed to the fact that the reaction is governed by
the reaction rate for the moderately fast reaction, whereas it
is governed by the turbulent mixing for the rapid reaction.

Conclusions

LES using the flamelet models were applied to turbulent
reacting liquid flows and validated by comparing with the
experiments. The computations were performed for a react-
ing grid-generated turbulent flow with rapid or moderately
fast reaction, where a second-order, irreversible, and isother-
mal reaction (A + B — 2P) was considered. For the flamelet
models, both the steady and unsteady Lagrangian flamelet
models were tested. The main results obtained in this study
can be summarized as follows:

(1) The flamelet models inherently developed for turbulent
combustion are applicable to turbulent reacting liquid flows
provided that the model coefficient in evaluating the SGS
variance of mixture fraction in the scale-similarity model
(Cook and Riley“), Cz, is set to be 5.0.

(2) The rapid reaction can be adequately predicted by
both the steady and unsteady Lagrangian flamelet models,
whereas the moderately fast reaction can be predicted only
by the unsteady Lagrangian flamelet model which is capable
to take slow chemical processes into account.
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