Thermally Stratified Liquid Turbulence with a

Chemical Reaction

Ryo Onishi and Satoru Komori
Dept. of Mechanical Engineering and Science, Kyoto University, Kyoto 606-8501, Japan

DOI 10.1002/aic.10675
Published online September 21, 2005 in Wiley InterScience (www.interscience.wiley.com).

Effects of stable and unstable thermal stratifications on turbulent mixing and chemical
reaction in liquid turbulence were investigated by both laboratory experiments and
numerical simulations. Instantaneous velocity and concentration were simultaneously
measured using a combined technique with a two-component laser-Doppler velocimeter
(LDV) and a laser-induced fluorescence (LIF) method in two kinds of thermally stratified
turbulent reacting flows: grid-generated turbulence and a mixing layer. The results show
that turbulent mixing in the fully developed liquid turbulence is affected mainly at large
scales by buoyancy. However, the maximum value of the mean concentration of chemical
product is independent of thermal stratification. In addition, a large-eddy simulation
(LES) based on a B-pdf model was applied to the same thermally stratified reacting liquid
flows as used in the experiments. The numerical results show that the stratification effects
on the turbulent mixing and chemical reaction can be well predicted by the LES and the
buoyancy effects are not significant in the subgrid-scale models for the LES. © 2005
American Institute of Chemical Engineers AIChE J, 52: 456—468, 2006
Keywords: laser-Doppler velocimetry, laser-induced fluorescence, large-eddy simula-
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Introduction

Turbulent reacting flows can be seen not only in industrial
plants such as combustors or reactors but also in environmental
flows. When flows are density stratified, turbulent reactive—
diffusive mechanism will be influenced by buoyancy. It is thus
of great importance to clarify the buoyancy effects for both
designing high-performance industrial reactors and predicting
the turbulent diffusion of reactive contaminants in environmen-
tal flows.

To clarify the turbulent mixing and chemical reaction pro-
cesses experimentally, we need sophisticated techniques for
measuring instantaneous velocity and concentration with good
spatial and temporal resolutions comparable to the Kolmog-
orov scale and the Batchelor scale, respectively. However, the
Batchelor scale is defined by dividing the Kolmogorov scale by
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the square root of the Schmidt number and so the Batchelor
scale is one order smaller in liquid turbulence than that in gas
turbulence, given that the Schmidt number is two orders higher
in liquid flow than that in gas flow. The extremely small
Batchelor scale in liquid turbulence makes it hard to measure
instantaneous concentration with good accuracy, and thus the
number of published experimental studies on the turbulent
mixing and chemical reaction in liquid flows is limited. Nagata
and Komori' investigated the reactive—diffusive mechanism in
liquid grid-generated turbulence and further investigated the
unstable stratification effect on the chemical reaction. How-
ever, there has been no study on the buoyancy effect in stably
stratified reacting grid-generated turbulence. As for the liquid
shear turbulence, Koochesfahari and Dimotakis,2 Broadwell
and Mungal,® and others investigated the reactive—diffusive
mechanism in the neutral liquid mixing layer, but no one has
investigated the buoyancy effects on the reactive—diffusive
mechanism in the stratified liquid mixing layer. Thus, experi-
mental investigations on the buoyancy effects in stratified
reacting liquid turbulence remain to be carried out.
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Figure 1. Experimental apparatus and measuring sys-
tem.

On the other hand, numerical simulation can also play an
important role in investigating the reacting turbulence because
it enables us to predict various turbulence quantities that we
can hardly measure. Therefore, it is of great importance to
develop a reliable numerical simulation technique that can well
predict buoyancy effects on turbulent diffusive-reactive mech-
anism. Recently, direct numerical simulation (DNS) has often
been applied to reacting turbulence. However, the DNS is
applicable only to low Reynolds number (Re) or low Schmidt
number (Sc) flows because it requires high spatial and temporal
resolutions corresponding to the Batchelor scale and therefore
it is impossible to apply the DNS to reacting liquid turbulence
with high Reynolds numbers. With respect to this point, large-
eddy simulation (LES) seems to be a more practical simulation
method than the DNS. In the LES, the grid scale (GS) values
that can be resolved by the numerical grids are directly com-
puted and the subgrid scale (SGS) values that cannot be re-
solved are estimated with SGS models. Because we can set the
numerical grid width much larger than the Kolmogorov and
Batchelor scales, we can apply the LES to high Reynolds
number and high Schmidt number flows. To exploit this ad-
vantage of the LES, we have to develop appropriate SGS
models. However, the SGS model for the reaction source term
in liquid turbulence is still in a developmental stage. Recently
Michioka and Komori* proposed a simple SGS model for the
reaction source term in liquid turbulence, based on the (3-pdf
model developed by Cook and Riley,> and they have shown its
good applicability by comparisons with the experimental data.
However, they have verified the applicability only in the neu-
trally stratified case and have not applied their LES to stratified
reacting liquid turbulence.

The purpose of this study is, therefore, to experimentally
clarify the buoyancy effects on the reactive—diffusive mecha-
nism in thermally stratified reacting liquid turbulence and to
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Table 1. Experimental Conditions for Grid-Generated
Liquid Turbulence

Case U, (m/s) AT (K) (T, — T)
Neutrally stratified 0.180 0
Unstably stratified 0.180 —10
Stably stratified 0.180 10

develop the LES that is applicable to thermally stratified react-
ing liquid flows.

Experimental

In this study, two types of reacting liquid turbulence were
investigated: (1) grid-generated turbulence and (2) the turbu-
lent mixing layer. Figure 1 shows a schematic of the experi-
mental apparatus and measuring system. The test apparatus
used was a rectangular water tunnel made of polymethyl-
methacrylate (PMMA), 1.0 m in length and 0.1 X 0.1 m in
cross section. The upper and lower fluid streams are separated
by a splitter plate before entering into the test section. The
coordinate system used was as follows: x is the streamwise
distance from the entrance of the test section; y and z are the
vertical and spanwise distances from the center of the cross
section of the channel, respectively.

To form reacting grid-generated liquid turbulence, a turbu-
lence-generating grid of square-rod, square-mesh, and single-
monoplane construction was installed at the entrance to the test
section. The mesh size M and length of a side of the rod d were
2.0 X 10 % and 2.0 X 10~ * m, respectively. For reacting liquid
mixing layer, a couple of trip wires were mounted on both sides
of the splitter plate at 0.06 m upstream from the tail end. The
trip wires were 1.2 mm in diameter and were used to obtain the
fully developed mixing layer.5”

To produce thermally stratified flows, water in either the
upper or the lower stream was heated by a boiler and the
temperature was regulated to a constant value in the storage
tank within =0.1 K by using an electric heater connected to a
temperature-control unit (Technos BC-130-S, Sinko Co. Ltd.,
Guangdong, China).

The experimental conditions for the grid-generated turbu-
lence and mixing layer are listed in Tables 1 and 2, respec-
tively. The temperature difference between upper and lower
streams in thermally stratified cases was set to 10 K. The
greater temperature difference is more suitable for observing
stratification effects. However, the greater temperature differ-
ence leads to stronger variations of laser beam arising from the
fluctuating refractive index, thus leading to substantial errors in
concentration measurements by the laser-induced fluorescence
(LIF) method. The value of 10 K was the limit of temperature
difference that not only allows strong thermal stratifications but
also ensures the accuracy of concentration measurements. The
standard deviations of the measurements of mean concentra-

Table 2. Experimental Conditions for a Liquid
Mixing Layer

Ugoe AU (m/s) AT (K)
Case (m/s) W, —U) (T, — T)
Neutrally stratified 0.125 0.080 0
Unstably stratified 0.125 0.080 —10
Stably stratified 0.125 0.080 10
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Table 3. Combinations of Species A and B

Species A Species B
Flow Type (Lower Stream) (Upper Stream)
Nonreacting flow H,O H,O + uranine

Reacting flow CH;COOH +

uranine

NH,OH +
uranine

tions in the central region were within 4% in the stably and
unstably stratified cases and within 2% in the neutral case. In
the grid-generated turbulence case, the Reynolds number based
on the mesh size (Re,,) was 3.6 X 10>, The bulk Richardson
numbers, Ri (= |—BgATM/U}), were 1.4 X 10" and —1.4 X
102 in the stable and unstable cases, respectively.

The combinations of species A in the lower stream and
species B in the upper stream before mixing are listed in Table
3. For a nonreacting flow, fresh water without any chemical
species was used as species A and fresh water with sodium
fluorescein dye, uranine (C,yH,(,Na,Os), was used as species
B. For a reacting flow, acetic acid (CH;COOH) and ammonium
hydroxide (NH,OH) were used as species A and B, respec-
tively. The neutralization reaction between the weak acid and
base is expressed as an irreversible second-order rapid reaction:

CH,COOH + NH,0H — CH,COONH, + H,0 (1)

The reaction rate constant k, was of the order 10 m® mol ™"
s~ '. The initial concentrations of the two reacting species, C,,
and Cjp,, were determined to be the same values of 0.01 mol
m? to measure the concentration by means of a LIF method
based on the dependency of fluorescence intensity on the pH of
the solution. The change of temperature arising from the reac-
tion was negligibly small because the concentrations of react-
ing species used here were extremely low.

Instantaneous velocities in the streamwise and vertical di-
rections were measured using a two-component laser-Doppler
velocimeter (LDV). The LDV used was a Dantec 55X modular
system (Dantec Dynamics A/S, Skovlunde, Denmark) with a
polarization beam splitter (55X24), a 40-MHz Bragg cell, and
the laser was a 5-mW He—Ne laser (wave length: A = 632.8
nm; model 106-1, Spectra Physics, Inc., Mountain View, CA).
The He—Ne laser beams were introduced from the sidewall of
the test section. The spatial resolution of the LDV was approx-
imately 500 microns, which was sufficiently fine to resolve
fluid motions at the dissipation scale.

Instantaneous concentrations of reacting and nonreacting
species were measured using a LIF method and the concentra-
tion and velocity measurements by the LIF and LDV were
simultaneously carried out at the same measuring point. For the
concentration measurement by the LIF method, the uranine
diffusing in the flow was illuminated by a high-power single-
line mode argon-ion (Ar™") laser (A = 488.0 nm; model 95-4,
Lexel Lasers, Fremont, CA) with 0.8 W power. The Ar* laser
beam was introduced through the bottom wall of the test
section and it was focused on the measuring point. The fluo-
rescence from the measuring point was collected using the
same optical system as that used in Komori et al.® and was
detected by a photomultiplier. For a nonreacting flow, instan-
taneous concentration of the uranine, which was initially pre-
mixed in the upper stream, was measured as the instantaneous
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concentration of a nonreacting species B, C%, using a propor-
tional calibration curve between the LIF intensity and the
concentration of the uranine. Hereafter, the asterisk denotes the
concentration in the nonreacting case.

The reason that the uranine was initially premixed in the
upper stream was to reduce the attenuation along the path of the
laser beam introduced from the bottom wall. From the concen-
tration of nonreacting species B, instantaneous concentration of
nonreacting species A, C%, was determined by C*%/C,, = 1 —
C%/C 4. For a reacting flow, the uranine was initially premixed
in both upper and lower streams at a constant concentration and
the dependency of the LIF intensity on the pH of the solution
was used to measure C,. The LIF intensity from the uranine
premixed at a constant concentration does not change in neutral
or basic solution (pH = 7), but it decays depending on the
concentration of the weak acid in the side of pH < 7. There-
fore, a nonlinear calibration curve between the LIF intensity
and the concentration of the acetic acid was obtained in a
well-mixed tank.® The instantaneous concentration of reacting
species A, C4, was directly measured from the LIF intensity
with the calibration curve. The spatial resolution of the LIF
method was approximately 80 microns and it enabled us to use
the calibration curve. The accuracy of this concentration mea-
surement method has been fully described in Komori et al.®

A cold-film I probe of 10 wm diameter (model 1260-10W,
TSI Inc., Shoreview, MN) operated by a constant-current tem-
perature bridge (Dantec 55M) was used to measure the instan-
taneous temperature in thermally stratified flows.

The sampling frequency and size for the concentration and
velocity signals were 2.0 kHz and 80,000 points, respectively.
The digitized data were recorded by a data recorder (model
PC208AX, Sony Corp., Tokyo, Japan), and statistical process-
ing of the data was performed by a personal computer.

Large-Eddy Simulation

LES of thermally stratified liquid turbulence with a
chemical reaction

The governing equations are the continuity equation, the
Navier—Stokes equation, and the transport equations for heat
and mass. Filtered governing equations can be written as

aU, 0 5
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where an overbar denotes the filtered value. Here, a simple
second-order Gaussian filter was used. The unresolved subgrid
scale (SGS) effects appear in the SGS stress term 7,;, the SGS

ij°
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heat flux term £, the SGS mass flux term ¢, and the filtered
chemical reaction source term w. In this study, dynamic SGS
models were used for the SGS Reynolds stress and the SGS
heat and mass fluxes.

Modeling of buoyancy effect on SGS flow field

A conventional dynamic Smagorinsky model'° for the SGS
Reynolds stress assumes that energy production by shear is
equal to energy dissipation. From this assumption, we can
derive

1 o
i T3 8Ty = —2CA2|S|SU (6)

where S;; = [(0U;/dx;) + (9U,;/0x)]/2 and C is a coefficient,
which can be dynamically determined from grid-scale (GS)
quantities.

In thermally stratified flows, buoyancy may directly influ-
ence the SGS flow field. Especially in liquid flows, the buoy-
ancy effect may be significant because of its high Prandtl
number. Wong and Lilly!! assumed that energy productions by
shear and buoyancy are balanced with energy dissipation, and
then they could derive

1 _ - gB  9T\"*__
T3 8T = —2vssS; = —2CA*| 1 + ProcdST 05 SIS,

(7

We carried out the two large-eddy simulations based on the two
SGS stress models of Egs. 6 and 7, and discussed the buoyancy
effect on the SGS flow field by comparing two LES predic-
tions.

For the filtered reaction source term, we used the SGS model
proposed by Michioka and Komori.* The details are described
in the following subsection.

SGS model for a rapid reaction

A second-order rapid reaction (A + B — P) between acetic
acid and ammonium hydroxide was used in the present exper-
iments. In the rapid reaction, a timescale of chemical reaction
is far smaller than that of turbulent diffusion. However, such a
sufficiently fine time resolution for the reaction timescale is not
feasible even with the most advanced supercomputer. There-
fore, Cook and Riley> developed an SGS model for the rapid
reaction by introducing a conserved scalar. The conserved
scalar is defined by

Z=C,— Cp=Ch— C3 (8)
A normalized conserved scalar ¢ is defined by

Z — Zpy

Z N ZA() - ZBO (9)

where Z,, and Z, are the initial values given by Z,, = C,, and
Zzo = —Cpo. The conservation equation of the filtered ¢ is
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(10)

Assuming equilibrium chemistry, the concentration of all
species in a nonpremixed, single-step reaction can be directly
related to { by

0 (=t
CA(OICH =38 &u > L) (11)
L= E
é: - g:x -
CB(O/CAO =11-2g, (g B gﬂ) (12)
0 (£>¢)
gﬁ (=)
CHOICH =172 ; (13)
1 _ gsr (g > g.yt)
where
Chpo
{u= Cut Cp (14)

The value of £, in the preceding equations was 0.5 in our study
because we used the same initial concentrations of species A
and B, that is, C,o = Cg.

The substitution of  into ¢ in Eqs. 11-13 means the neglect
of the mixing process of chemical species in SGS, that is, the
introduction of the well-mixed condition in SGS. Taking into
account the SGS mixing, the GS concentrations can be com-
puted by using the probability density function (PDF) of {:

1
C: = f C(OP()dL 15)
0
The probability density function P({) was given by the PDF

model proposed by Girimaji'?:

ga*l(l _ gb*l

P({) = Bla.b)

(16)

where

a=Z(M—1> b= (all) —a

B(a, b) = f ¢ = 9rdg
0

The SGS variance of £, ? cannot be obtained directly from
the filtered ¢ conservation equation (Eq. 10) and it cannot be
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Figure 2. (a) The computational domain and (b) a profile
of the numerical grid arrangement for the LES
of the grid-generated turbulence.

assumed to be equal to the GS fluctuation, £'?, especially in
liquid turbulence because of its high Sc number. To consider
the SGS effect, the SGS variance was assumed to be correlated
with a test-scale variance as

O~ (17

where the tilde (7 ) indicates the test-scale filtered value. The
scale of the test-filter used was twofold larger than the scale of
the normal SGS filter (A = 2A). Cook and Riley proposed an
assumption of ¢, = 1.0 in Eq. 17. On the other hand, Michioka
and Komori* showed that the assumption of ¢, = 1.0 is not
valid in liquid turbulence. They investigated the value of ¢, by
carrying out the LES in various flows and found that the
assumption of ¢, = 5.0 is the best in liquid turbulence inde-
pendently of flow types. However, this SGS model for SGS
mixing has not been applied to density-stratified flows and its
applicability has not been explicitly confirmed. Therefore, it is
interesting and important to investigate whether the above SGS
model is really applicable to stratified flows.

Computational method

The governing equations for the LES are given by Egs. 2, 3,
4, and 10. Those equations were discretized on the staggered-
mesh arrangement to construct a finite-difference formation.
The HSMAC (highly simplified marker and cell) method'? was
used to solve the discretized equations. The reliability of the
HSMAC method was confirmed by Nagata and Komori.'* The
second-order central difference method and the second-order
Runge—Kutta method were used to calculate the spatial deriv-
atives and the time integration, respectively. We used dynamic
SGS models for the SGS Reynolds stress and the SGS turbulent
mass and heat fluxes. The dynamic models often cause numer-
ical instabilities because of negative values of turbulent diffu-
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sion coefficients. To stabilize the simulation, we used spanwise
averaging on the turbulent diffusion coefficients.

The LES was carried out under the same conditions used in
the experiments (see Tables 1 and 2). The kinematic viscosity
v and the thermal volumetric expansion coefficient 3 were
given by the values at 298 K, corresponding to the cross-
sectional mean water temperature used in the experiments. The
Schmidt number (Sc) and the Prandtl number (Pr) were set at
600 and 5.0, respectively.

Figures 2a and 2b show the schematic diagram of the com-
putational domain and a profile of the numerical grid arrange-
ment for grid-generated turbulence. The computational domain
was 520 X 80 X 80 mm’® and the number of grid points was
560 X 80 X 80. The turbulence-generating grid with the same
shape and dimension as those used in the experiments was
installed in the computational domain. As shown in Figure 2b,
the computational grids were irregularly and densely arranged
near the turbulence-generating grid and splitter plate using a
hyperbolic tangent function. The minimum and maximum grid
widths were about 0.5 and 2.4 mm, respectively. 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 experimental one. A convective
outlet boundary condition was used at the outlet boundary.

Figures 3a and 3b show the schematic diagram of the com-
putational domain and a profile of the numerical grid arrange-
ment for the mixing layer. In the neutrally and stably stratified
cases, the computational domain was 480 X 80 X 80 mm? in
the streamwise, vertical, and spanwise directions and the num-
ber of grid points was 360 X 60 X 60. In the unstably stratified
case, the domain was set at 480 X 106 X 80 mm> and the
number of grid points was set at 360 X 80 X 60 because the

U, Y R80mm
z
B, T, . i 106mm
- T
A l 80mm
U
A40mm 480mm

(a)

L.

I naE e Z

®)

Figure 3. (a) The computational domain and (b) a profile
of the numerical grid arrangement for the LES
of the mixing layer.
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Figure 4. Instantaneous concentration field obtained (a) by the experiment with the LIF method and (b) by the LES, in

the neutrally stratified grid-generated turbulence.

The upper stream is illuminated in both figures.

mixing region is enlarged vertically. To set the computational
conditions equivalent to the experimental conditions, the split-
ter plate with 40 mm length was installed in the computational
domain. The flow near the splitter plate was assumed to be a
fully developed turbulent boundary layer because trip wires
were mounted on the splitter plate in the experiments to quickly
develop the turbulence. Therefore, the mean velocity distribu-
tion (U,(y)) near the splitter plate was given by the same profile
as that obtained by Spalart! in the fully developed turbulent
boundary layer. Then, the random perturbation u; was given in
the sinusoidal form

20

”i()” Z, Z) = z urms,i(y)Sin[anfE)t + qbi(y’ 2, nfO)] (18)

n=1
and the instantaneous velocity U, was obtained by

Ui(x, Vs 7) = <Ui(y)> + ui(y’ Z, 1) (19)

Here, u,,, is the root-mean-squared (rms) value of the turbu-
lence intensity, f, is the basic frequency of 1 Hz, and ¢; is the
uniformly distributed random number between O and 1. The
maximum rms value of turbulence intensity was set at 10% of

the mean velocity and its profile was given by Spalart.'> The
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computational grids were arranged to be regular in the x- and
z-directions and irregular in the y-direction. The grid width in
the y-direction was set to smaller values near the splitter plate,
as shown in Figure 3b. The grid width reached its minimum
value of about 0.6 mm in the immediate vicinity of the plate.
The same boundary conditions as those in the grid-generated
turbulence case were imposed on the upper, lower, and side
walls and at the outlet boundary.

Results and Discussion
Grid-generated turbulence

Figures 4a and 4b show the visualized concentration fields
obtained by the experiment and by the LES in the neutrally
stratified grid-generated turbulence. In the experiment, the up-
per fluid was illuminated by the LIF method with an Ar™ laser
sheet. The interface between the upper and lower streams is
very clear in Figure 4a, which shows that the concentration
gradient is sharp as a result of the small molecular diffusion in
the liquid phase. In contrast to the clear interface by the
experiment, the interface predicted by the LES is obscure
because of the coarse grid resolution. However, we can see that
the LES well predicts the large-scale mixing.

Figure 5 shows the streamwise distributions of the turbu-
lence intensity of vertical velocity fluctuation on the center line
(/M = z/IM = 0) in grid-generated turbulence, normalized by
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Figure 5. Streamwise distributions of the turbulence in-

tensity of vertical velocity fluctuation in the
grid-generated turbulence.
Symbols denote the measurements and lines denote the pre-
dictions by the two LES based on Egs. 6 and 7: @, —(Eq. 6),
in the neutrally stratified case; A, - - - (Eq. 6), - - - (Eq. 7), in
the unstably stratified case; O, —- —(Eq. 6), ——— (Eq. 7), in
the stably stratified case.

the squared value of the cross-sectional mean velocity Ug. In
the neutral case, the intensity decays following a power law
with the exponent value of —1.58. The value compares well
with values obtained in the previous grid-generated water
flows.!#16 The correlation coefficient between u and v, R,,
[=()/(Vu>V?)], was almost equal to zero in the whole
region. The results show that ideal grid-generated turbulence is
obtained in the neutrally stratified flow downstream of the
turbulence-generating grid. Figure 5 also shows that the decay
of the turbulence toward the downstream region is greater in
the stably stratified case and smaller in the unstably stratified
case. The LES predictions based on the two SGS stress models
of Egs. 6 and 7 are shown by two types of lines in the same
figure together with the measurements. Hereafter we designate
the two large-eddy simulations based on Eqgs. 6 and 7 as LES(I)
and LES(II), respectively. Although there is a little difference
between the LES predictions and measurements in the up-
stream region of x/M < 10, they agree well in the downstream
region. In the unstably and stably stratified cases, there is little
difference between the two predictions by LES(I) and LES(II).
This means that buoyancy does not directly affect the SGS flow
field and we do not need to consider the buoyancy effect on the
SGS Reynolds stress in the present flow. Therefore, the pre-
dictions only by LES(I) will be shown hereafter in this section.

Figure 6 shows the vertical distributions of the mean tem-
perature at x/M = 20, normalized by the initial temperature
difference. Typical unstable and stable thermal stratifications
are formed and the LES predictions are in good agreement with
the measurements. The Brunt-Viisild frequency N is often
used as an index to represent the stratification strength in
isotropic turbulence. It is defined by N = [(g/p,)(8{p)/dy)]""?,
where p, is the bulk-averaged density. The Brunt—Viisild
frequency estimated from Figure 6 corresponds to 1.40 rad/s in
the stable case.
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Figure 6. Vertical distributions of the mean temperature
at x/M = 20 in the grid-generated turbulence.

Symbols denote the measurements and lines denote the LES
predictions: A, - - -, in the unstably stratified case; <, — - —, in
the stably stratified case.

Figure 7 shows both the measurements and the LES predic-
tions of the mixing layer width in the concentration field 8,
defined by

8(; = |y('1 - y(2|/08 (20)

where (C%)/C,o = 0.9 at y.; and (C%)/C,, = 0.1 at y,,. It can
be seen that the mixing region in the concentration field is

0.06 T T T T
0.04
E
(,OO
0.02 -
0.00 L 1 1 " ). "
0 5 10 15 20 25

/M

Figure 7. Streamwise distributions of the mixing layer
width in the concentration field in the grid-
generated turbulence.

Symbols denote the measurements and lines denote the LES
predictions: @, —, in the neutrally stratified case; A, - - -, in
the unstably stratified case; <, —- —, in the stably stratified
case. The error bars for the symbols indicate the standard
deviations of the data at x/M = 20.
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Figure 8. Vertical distributions of the vertical mass flux
at x/M = 20 in the grid-generated turbulence.

Symbols and lines as in Figure 7.

vertically expanded by buoyancy in the unstably stratified case
and reduced in the stably stratified case. This means that the
turbulent mixing is promoted in the unstably stratified case and
suppressed in the stably stratified case. Comparisons between
LES predictions and measurements show that the LES can
predict the mixing process with good accuracy even in strati-
fied flows.

Figure 8 shows the vertical distributions of the vertical mass
flux at x/M = 20, normalized by the product of the cross-
sectional mean velocity and initial concentration of species A,
UyC,p- It is obvious that the mass transfer is promoted in the
unstably stratified case and suppressed in the stably stratified
case. These buoyancy effects on the mass transfer cause the
changes of the mixing layer width in the concentration field
shown in Figure 7.

Figure 9 shows the vertical distributions of the mean con-
centration of chemical product at x/M = 20, normalized by the
initial concentration of species A. The mean concentration of
chemical product was calculated by

<CP>/CA0 = 2(<Cj> - (CA>)/CA0 2n

The distribution of the chemical product is vertically enlarged
in the unstably stratified case and reduced in the stably strati-
fied case. This means that the chemical reaction is promoted in
the unstably stratified case and suppressed in the stably strati-
fied case. However, the maximum value of the mean concen-
tration of chemical product is almost independent of the strat-
ifications. The LES well predicts the profiles of the mean
concentrations of chemical product in the stratified flows as
well as in the neutrally stratified flow.

Mixing layer

Figures 10a and 10b show the visualized concentration fields
obtained by the experiment and by the LES in the neutrally
stratified mixing layer. The typical vortex pattern of shear
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turbulence can be clearly seen in both figures. This suggests
that the present LES correctly reproduces the process of large-
scale mixing.

Figure 11 shows the streamwise distributions of the mixing
layer width in the velocity field §,, defined by

814 = ‘yul - yu2|/08 (22)

where ((U) — U)/AU = 0.9 aty,, and (U) — U)/AU = 0.1 at
V,2- The mixing layer width in the neutral case grows linearly
in the region of x > 0.15 m. The gradient d§,/dx is about 0.076,
which is close to 0.073 derived from the equation proposed by
Mehta and Westphal® by substituting the velocity ratio (r =
U/U,). This means that the typical mixing layer is formed in
the neutral case. On the other hand, §, is smaller in the stably
stratified case, whereas 6, is larger in the unstably stratified
case. Predictions by LES(I) and LES(II) are shown in the same
figure together with the measurements. Both LES predictions
are in good agreement with the measurements and the two LES
predictions are almost the same. This means that we do not
need to consider the buoyancy effect on the SGS Reynolds
stress in either the mixing layer or the grid-generated turbu-
lence. Therefore, only the predictions by LES(I) will be shown
hereafter.

Figure 12 shows the vertical distributions of the mean tem-
perature at x = 0.40 m, normalized by the initial temperature
difference AT. Here y, is the vertical position with the mean
temperature equivalent to the cross-sectional mean tempera-
ture. In the measurements, the center of the mixing region
deviates slightly from the center of the cross section because of
the finite width of the test section. Therefore, it is necessary to
introduce the y, when we compare the measurements with the
numerical predictions in the mixing layer. The value of y,
increases in the downstream direction. However, the value is
very small and is 2 mm even at x = 0.40 m. The mean

y/ M

0.0 02 0.4 0.6 0.8 1.0

<CP> / CA0

Figure 9. Vertical distributions of the mean concentra-
tion of chemical product at x/M = 20 in the
grid-generated turbulence.

Symbols and lines as in Figure 7.
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Figure 10. Instantaneous concentration field obtained (a) by the experiment with the LIF method and (b) by the LES,

in the neutrally stratified mixing layer.
The upper stream is illuminated in both figures.

temperature profiles show that typical unstable and stable ther-
mal stratifications are formed in both experiments and LES and
that the present LES can well predict the mean temperature
field as well as the mean velocity field.

Figure 13 shows the vertical distributions of the turbulence
intensities of vertical velocity fluctuation at x = 0.40 m. Here
the velocity fluctuations are normalized by the squared value of
the initial velocity difference AU?, and y, is the vertical posi-
tion where the mean velocity is equivalent to the cross-sec-
tional mean velocity. It is found that the turbulence is promoted
and suppressed in the unstably and stably stratified cases,
respectively. The LES predictions are also in good agreement
with the measurements. The agreements between the LES
predictions and the measurements in Figures 11 and 13 prove
that the present LES can accurately describe the thermal strat-
ification effects on the velocity field.

A representative index of the strength of thermal stratifica-
tion in the shear layer is given by the gradient Richardson
number Ri,, defined as

(23)
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Figure 11. Streamwise distributions of the mixing layer
width in the velocity field in the mixing layer.

Symbols and lines as in Figure 5. The error bars indicate the
standard deviations of the data at x = 0.40 m.
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Figure 12. Vertical distributions of the mean tempera-
ture at x = 0.40 m in the mixing layer.

Symbols and lines as in Figure 6.

where p is the density, g is gravity, U is the streamwise
velocity, and y is the vertical distance. A suitable Richardson
number for this experiment is

Ri, = —gBATS/8,AU” (24)

where (3 is the thermal volumetric expansion coefficient and 9,
is the mixing layer width in the temperature field. The 9, is
defined as

Sr = |yrl - yr2|/08 (25)

0.04 -
0.02 f* -
=) 4
- 0.00 4
= )A 7
= A
>
-0.02 -
-0.04 .
1 1 1
0.00 0.01 0.02 0.03 0.04
2 2
<D /AU

Figure 13. Vertical distributions of the turbulence inten-
sity of vertical velocity fluctuation at x =
0.40 m in the mixing layer.
Symbols and lines as in Figure 7.
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Figure 14. Streamwise distributions of the mixing layer
width in the concentration field in the mixing
layer.

Symbols and lines as in Figure 7. The error bars indicate the
standard deviations of the data at x = 0.40 m.

where ((T) — T)/AT = 0.9 aty,, and (T) — T))/AT = 0.1 at y,,.
The values of §, and §, at x = 0.40 m can be obtained from
Figures 11 and 12, respectively. The value of Ri, atx = 0.40 m
estimated from the measurements is about —0.13 in the unsta-
bly stratified case and about 0.10 in the stably stratified case.

Figure 14 shows the streamwise distributions of the mixing
layer width in the concentration field ., defined by Eq. 20. The
values of &, become larger in the unstably stratified case and
smaller in the stably stratified case, which demonstrates the
promotion and suppression of turbulent mixing by buoyancy.
Comparisons between LES predictions and measurements
show that the LES can predict the mixing process with good
accuracy in the stratified cases as well as in the neutrally
stratified case.

Figure 15 shows the vertical distributions of the vertical
mass flux at x = 0.40 m, normalized by the product of the
initial velocity difference and initial concentration of species
A, AUC,,. Here y,, is defined by the vertical position where the
mean concentration of species A is equivalent to the cross-
sectional mean concentration of species A. It can be seen that
the mass transfer in the stratified cases is substantially changed
by buoyancy. It should be noted that the vertical distributions
of the mass flux are not symmetrical, although the vertical
distributions of the velocity fluctuation shown in Figure 13 are
symmetrical with respect to the axis of y — y, = 0. This
difference can be explained from the mean-squared value of the
concentration fluctuation as shown in the next paragraph.

Figure 16a shows a visualized picture of turbulent mixing in
the area of 0.10 X 0.10 m around x = 0.40 m in the neutrally
stratified case. Here the upper stream with species B is illumi-
nated and the black line in the photograph indicates the cen-
terline of y — y,, = 0. Figure 16b shows the vertical distribu-
tion of the mean-squared value of the concentration fluctuation
at x = 0.40 m in the neutrally stratified case, normalized by the
squared value of the initial concentration of species A, C3,.
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Figure 15. Vertical distributions of the vertical mass flux
at x = 0.40 m in the mixing layer.
Symbols and lines as in Figure 7.

From this distribution, it is obvious that the intensity of the
concentration fluctuation in the lower region is greater than that
in the upper region. This can be explained from the photograph
in Figure 16a, where a large concentration bulge is intruding
into the lower region below the center line of y — y,, = 0. The
larger concentration bulges promote the intensity of the con-
centration fluctuation and induce the asymmetry in the vertical
mass flux as shown in Figure 16b.

In the LES, the mean-squared values of the concentration
fluctuation {c%?) was estimated by

() = () + D) (26)

where (c%?) and (c?) are the mean-squared values of normally
filtered and test filtered concentration fluctuations, respectively,
and ¢, is the same coefficient of 5.0 as in Eq. 17. Michioka and
Komori* warned that if we use the Cook—Riley> assumption of
¢, = 1.0 appropriate for air turbulence, we underestimate the
concentration fluctuation for liquid turbulence. On the other
hand, the SGS fluctuations for the velocity fluctuation and mass
flux could be neglected in Figures 13 and 15 because the
large-scale eddies mainly play important roles in momentum
and mass transfer, and therefore the contribution of SGS fluc-
tuation to momentum and mass transfer is negligibly small.
This is why the LES can accurately estimate the turbulence
intensity and the mass flux from the GS values.

Figure 17 shows the vertical distributions of the mean con-
centration of chemical product P at x = 0.40 m, normalized by
the initial concentration of species A, C,,. The distribution of
the chemical product is vertically enlarged in the unstably
stratified case, that is, the chemical reaction is promoted by
unstable stratification. In contrast, the chemical reaction is
suppressed in the stably stratified case. However, the maximum
values of the mean concentration of chemical product in all
cases are almost the same. This trend is well predicted by the
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LES, although there is a slight difference between the LES
predictions and measurements.

To explain the reason why the maximum value of (Cp) does
not change, we calculated the power spectrum of the measured
vertical velocity fluctuation Ey, defined by

j E,(f)df = (v’) 27

0

Figure 18 shows the power spectra of the vertical velocity fluc-
tuation on the center line at x = 0.40 m. The high-frequency
motion corresponds to the small-scale motion, and the low-fre-
quency motion corresponds to the large-scale motion. The area
bounded by the power spectrum multiplied by the frequency f

004} 4

000 005 010 015 020 025
"2 2
q:c.ﬂ. };CN}

(b}

Figure 16. (a) A typical photograph of turbulent mixing in
the area of 0.10 x 0.10 m? around x = 0.40 m
and (b) vertical distributions of the mean-
squared value of the concentration fluctua-
tion at x = 0.40 m in the neutrally stratified
mixing layer.

Symbol denotes the measurements and the line denotes the
LES predictions.

AIChE Journal



corresponds to the intensity of the vertical velocity fluctuation. It
should be noted that all the distributions reach their maximum
values at about 2 Hz. The size of the eddy with 2 Hz is estimated
to be about 3 cm with the Taylor’s hypothesis. This eddy size is
quite large compared to the Batchelor scale, which is approxi-
mately several tens of microns in liquid turbulence. Changes of the
magnitude of power spectra arising from stratifications indicate
that the low-frequency motions, that is, large-scale motions are
sensitive to the buoyancy, whereas small-scale motions are insen-
sitive. This fact coupled with the negligibly small buoyancy ef-
fects on the small-scale motion supports the assertion that large-
scale flapping motions of the reacting interface are strongly
affected by buoyancy, but the small-scale motions most respon-
sible for the reaction in the interfacial area are not affected by
buoyancy. This results in the maximum value of (Cp) in the
central region independent of the thermal stratifications.

Conclusions

Laboratory experiments were carried out in two types of
thermally stratified reacting liquid turbulence: grid-generated
turbulence and a mixing layer. In addition, the LES with the
SGS chemical reaction model developed by Michioka and
Komori* was applied to the stratified reacting liquid flows, and
the applicability of the LES was examined by comparisons
with the measurements. The results from this study can be
summarized as follows.

The turbulent mixing and chemical reaction are promoted by
buoyancy in unstable stratification and suppressed in stable
stratification. The maximum value of the mean concentration
of chemical product in the central region is almost independent
of the thermal stratifications. This is attributed to the fact that
the buoyancy effects on the SGS flow field for the LES are
negligibly small in liquid turbulent flows. The LES based on
the SGS chemical reaction model of Michioka and Komori* is
applicable to thermally stratified reacting liquid flows.

004} b

Y-y, [m]

00 02 04 06 08 10
<CP> / CAO

Figure 17. Vertical distributions of the mean concentra-
tion of the chemical product at x = 0.40 m in
the mixing layer.

Symbols and lines as in Figure 7.
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Figure 18. Measured power spectra of the vertical ve-
locity fluctuation on the center line at x =
0.40 m in the mixing layer.

—, In the neutrally stratified case; - - -, in the unstably
stratified case; — - —, in the stably stratified case.

These results are expected to be useful for designing chem-
ical plants or reactors associated with liquid-phase reaction and
heat transfer.
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Notation

B(a, b) = beta function

¢y = correlation coefficient in Eq. 17 (=5.0: constant)
C; = concentration of chemical species i
d = thickness of a square rod
h; = subgrid-scale heat flux
k. = chemical reaction rate constant
L = representative length scale
M = mesh size of a turbulence-generating grid
N = Brunt-Viisild frequency
P = pressure
P({) = probability density function of ¢
Pr = Prandtl number
(¢* = turbulent kinetic energy
q;; = subgrid-scale mass flux
R,, = normalized Reynolds stress [=(uv)/(Vu?\V1?)]
Re = Reynolds number
Ri = Richardson number
Sc = Schmidt number
t = time
T, = standard temperature
U, = cross-sectional mean velocity
U; = velocity vector in the i-direction

= conserved scalar (=C, — Cp)
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Greek letters

w = chemical reaction source term

7; = subgrid-scale stress
_ ¢ = normalized conserved scalar [=(Z — Zyo)/(Zyo — Zpo)]
{'? = subgrid-scale variance of conserved scalar
y,-_z = subgrid-scale variance of chemical species i

A = computational grid width of the LES

At = time step

Subscripts
A = chemical species A

B = chemical species B
P = chemical production P
0 = initial value

Other symbols

(- ) = time-averaged value
- filtered value
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