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Abstract. Joint statistics between velocity and concentration of reactive species are
experimentally investigated in a planar liquid jet with a second-order chemical reaction
A + B — R. Reactant species A and B are premixed in a jet flow and a main flow,
respectively. An optical fiber probe based on light absorption spectrometry is used to
measure the instantaneous concentrations of reactive species. The streamwise velocity
and the concentrations of reactive species are simultaneously measured by combining
the optical fiber probe with I-type hot-film anemometry, and we investigate the
influences of the chemical reaction on correlation coefficients, joint probability density
functions and cospectra of u and y;, where u is the streamwise velocity fluctuation and
~; is the concentration fluctuation of species i. The results show that the absolute value
of the correlation coefficient between v and vp becomes small owing to the chemical
reaction whereas that between u and v4 becomes large on the jet centreline. It is also
shown that the influence of the chemical reaction on the cospectrum of v and ~; in the
upstream region and near the jet centreline is different from that in the downstream
region and the outer edge of the flow.

PACS numbers: 47.27.tb, 47.51.+a, 47.70.Fw

Submitted to: Phys. Scr.

1. Introduction

Turbulent mixing with chemical reactions is commonly seen in industrial fields. For
example, predictions of combustion efficiency and pollutant dispersion are important
in engineering.  From a practical viewpoint, turbulent models and models for
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Figure 1. Experimental apparatus. Figure 2. Test section.

chemical reaction rates[1][2] are often used to predict turbulent flows with chemical
reactions. Therefore, it is important to verify these models for turbulent reacting
flows. For verification of models for turbulent reacting flows, instantaneous velocity
and instantaneous concentrations of multiple reactive species should be simultaneously
measured by experiments because some models need joint statistics of concentration
and velocity.

In the gas phase, simultaneous measurements of velocity and concentration of
reactive species have been made for a scalar mixing layer in grid turbulence[3], a plume
in grid turbulence[4] and a line source in grid turbulence[5]. By contrast, in the liquid
phase, it is difficult to measure concentration of reactive species because the Batchelor
scale, which is the smallest scale of scalar fluctuation, is very small owing to the high
Schmidt number. Measurements of instantaneous concentration of reactive species have
been made in grid turbulence[6][7][8], a planar jet[9] and a confined coaxial jet[10].
However, because simultaneous measurements of velocity and concentration of reactive
species have been carried out by few researchers[11], there is little information available
on the joint statistics between velocity and concentration in a turbulent reactive flow.

In this study, we perform simultaneous measurements of streamwise velocity and
concentrations of reactive species in a planar liquid jet by combining I-type hot-film
anemometry with an optical fiber probe based on light absorption spectrometry[12][13],
and we investigate the influences of the chemical reaction on correlation coefficients,
joint probability density functions and cospectra of streamwise velocity fluctuation u
and concentration fluctuation of reactive species, ;.

2. Experimental Setup

The experimental apparatus is shown in Fig. 1. Solutions for the main flow and the
jet flow are prepared in Tank 1 and Tank 2, respectively. To keep the flow rates of the
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main flow and the jet flow at a jet exit constant, the main flow and the jet flow are
supplied to the test section through Head Tank 1 and Head Tank 2, respectively. The
streamwise mean velocity of the main flow is Uy = 0.073 m/s and the mean velocity
of the jet flow at the jet exit is U; = 1.29 m/s. Figure 2 shows the details of the test
section. The cross section of the test section is rectangular with a width of 160 mm
and a length of 40 mm, and the height of the test section is 300 mm. The width of
the rectangular slit through which the jet flow is ejected is d = 2 mm. The Reynolds
number, Re = (U; — Up)d/v, is 2200, where v is the kinematic viscosity. x and y are
the streamwise direction and the cross-stream direction, respectively, with z completing
the coordinate system. The origin of the coordinate system is located at the medium
point of the slit.

The chemical reaction investigated in this study is a second-order reaction given by

A+B—R. (1)

The reactants are 1-naphthol (A) and diazotized sulphanilic acid (B). The product is
4-(4'-sulphophenylazo)-1-naphthol (R), briefly referred to as monoazo dyestuff. Figure
3 shows the details of the chemical reaction. This chemical reaction is the first reaction
of a set of series—parallel reactions that have been investigated thoroughly[14]. The
reaction rate constant of the reaction given by Eq. (1) is & = 12000 m?/(mol- s) under
the present experimental condition. An aqueous solution of species B entered into the
test section as the main stream and an aqueous solution of species A is issued into the
main stream as a planar jet. The initial concentrations of species A and B, denoted
by 4o and I'gg, are 0.4 and 0.2 mol/ m3, respectively. Hence, the Damkdhler number,
Da = k(I'xo + I'po)d/(Us — Unr), is 11.8. The pH is kept constant by adding buffer
salts (sodium carbonate and sodium hydrogen carbonate) into the jet flow because of
the pH dependency of the above chemical reaction. To measure the concentrations
of reactant species by using the mass conservation law, blue dyestuff (species C: Acid
Blue 9) is added into the jet flow. The initial concentration of species C is I'cp = 0.1
kg/m3. We have confirmed that species C is not affected by the above chemical reaction.
Therefore, the concentration of species C can be considered as a conserved scalar, which
is independent of the chemical reaction. Since species R and C are dyestuff and have
light absorption characteristics, we can use light absorption spectrometry to measure
the instantaneous concentrations of these two species.
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3. Measurement Method

The concentrations of absorptive species R and C are measured by an optical fiber
probe[13][16] based on light absorption spectrometry. If one assumes that light of
wavelength \ passes through a solution of one absorptive species i, the light absorption
spectrum denoted by P()) is defined as follows:

P(\) = —In [IO (a>),

where I()) is the intensity of incident light and I()) is the instantancous intensity of

(2)

transmitted light. The tilde (7) is used throughout to denote the instantaneous value.
From Beer’s absorption law, we can write P()\) as

P(\) = k(M) T, (3)
where I is the instantaneous concentration of absorptive species ¢ and k;(A), the light
absorption coefficient, is given by k;(\) = «;(A)l, where «;(\) depends on the absorptive
characteristics of species i.

When a solution contains multiple absorptive species, P()) is equal to the sum of
each P()\) for the solution of one absorptive species. In this study, the flow contains
two absorptive species R and C. Hence, for light of wavelength \,,, f’(/\n) is written as

D I~ O‘n)

P(A,) = —In

(An) o)

Here, kr(A,) and kc(A,) for the solution of two absorptive species R and C are the

= kR(/\n>fR + kCO‘n)fC- (4)

same as kr(A,) and ko (A,) for the solution that involves one species R or C. Hence,
we can obtain the instantaneous concentrations of two absorptive species R and C from
P()\) for two wavelengths measured by the optical fiber probe and kz(\,) and ke(\,)
investigated previously.

The concentrations of species A and B cannot be measured by light absorption
spectrometry because these two species do not have absorptive characteristics. However,

the instantaneous concentrations of species A and B can be determined by adopting
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conserved scalar theory[3]. According to conserved scalar theory, the instantaneous
concentrations of species A and B are given by

[y =E&Ta0— g, (5)

I'p=(1—&TI'p— Ir, (6)
where € is called the mixture fraction. In this study, the mixture fraction is defined by
the concentration of nonreactive species C normalized by ['co:

§=Tc/Ico. (7)
If I’ and € are known, we can calculate the instantaneous concentrations of species A

and B from the mass conservation law written as Eqgs. (5) and (6).
From Egs. (5) and (6), the mass conservation law is rewritten as follows:

Py Ts T -
Fao I'po I'ro

where ['gq is defined as

L'a0I'po
Fao+ I'so’
Under the present experimental conditions, I'zg = 0.133 mol/m?.

FRO - (9)

The frozen limit corresponding to the limiting case of no reaction (k — 0) is derived

as follows:
. T _ ~O _ ng
Ilgli)r(l) I'y =T, =&, (10)
lim I's = I'S = (1 — €)'y, (11)
k—0
. T . NO .
’lfg%FR_FR_O. (12)

Furthermore, we can derive the equilibrium limit corresponding to the limiting case of
the fast chemical reaction (kK — 00) as follows;

Jim Iy =15 = (Tao+Tho)( — &) H(E — &s), (13)
lim Pp = I = (Tao + o) (6 — E)H(Es — &), (14)
lim I = I = Ipo(1 — E)H(E — &s) + TaobH (Es — ). (15)

Here, H(z) is the Heaviside step function, and is equal to 0 for z < 0 or 1 for
z > 0. &g is the stoichiometric ratio of the reactant species in mixture, and is given
by & = I'po/(I'a0 + I'so). Under the present experimental conditions, & = 0.333.
The experimental results are compared with the results for the frozen limit and the
equilibrium limit.

In this study, we simultaneously measured the streamwise velocity and the
concentrations of species R and C by the combined probe consisting of the optical
fiber probe and an I-type hot-film probe. The details of the combined probe are shown
in Fig. 4. The distance between the two probes is 0.4 mm. It has been verified that the
simultaneous measurements of velocity and concentration can be accurately conducted
by this combined probe in the jet flow[16].
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Figure 6. The lateral profiles of the correlation coefficients of the velocity fluctuation
and the concentration fluctuation.

4. Results

4.1. Correlation Coefficient

Figures 5 and 6 show the streamwise evolution and the lateral profiles of the correlation
coefficients R,; between the streamwise velocity fluctuation u and the concentration
fluctuation ; (i = A, B or R), respectively. Figures 5 and 6 also show R,; for the frozen
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Figure 7. Joint probability density functions of the streamwise velocity and the
concentration of reactive species on the jet centreline.

limit and the equilibrium limit. In Fig. 6, the abscissa is normalized by the half-width
of the mean velocity profile by. Figure 5 shows that R, 4 is close to that for the frozen
limit in the upstream region because the chemical reaction scarcely proceeds whereas
R, becomes large in the downstream region owing to the progress of the chemical
reaction. From Fig. 6, it is found that R, is smaller than that for the frozen limit
near the outer edge of the jet at z/d = 30 and 40, and R, for the equilibrium limit
is also smaller than that for the frozen limit in the downstream region. These results
imply that R,4 becomes smaller than that for the frozen limit in the region where most
of species A is consumed by the chemical reaction. For species B, Figs. 5 and 6 show
that the chemical reaction makes the absolute value of R, small. Near the outer edge
of the jet where the concentration of another reactant species A is very small, R,p is
nearly equal to that for the frozen limit whereas the influence of the chemical reaction
on R,p is large near the jet centreline where most of species B is consumed by the
chemical reaction. These results show that the correlation coefficient between u and ~;
is strongly influenced by the chemical reaction in the region where the concentration
of the reactant is small. This is because the chemical reaction consumes most amount
of the reactant in those regions. Figures 5 and 6 show that R,z has a negative value
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Figure 8. Joint probability density functions of the streamwise velocity and the
concentration of reactive species at z/d = 20.

in the upstream region and near the jet centreline at x/d = 10 and 20 whereas it has
a positive value in the downstream region and near the outer edge of the jet. This
tendency is explained on the basis of the mass conservation law given by Eq. (8) and
the dependency of the reaction rate on the concentrations of reactant species|16].

4.2. Joint Probability Density Function

Figure 7 shows the joint probability density functions (JPDFSs) of the streamwise velocity
(U — Uyy) and the concentration of reactive species, I; (i = A, B or R), on the jet
centreline, and Fig. 8 shows the JPDF of (U — Uy,) and I across the jet at z/d = 20.
In Figs. 7 and 8, (U — Uy,) is normalized by the relative mean velocity at the jet exit
(U; — Uyr) and T is normalized by . In Figs. 7 and 8, the frozen limit is also shown,
but the equilibrium limit is not shown here since the JPDF of the velocity and the
reactant concentration for the equilibrium limit has a strong peak near I'; ~ 0. From
Fig. 7, it is found that the JPDF for the reacting case is similar to that for the frozen
limit in the upstream region (x/d = 12) where the chemical reaction scarcely proceeds,
and the chemical reaction makes I'y and 'z small by consuming the reactant species
A and B in the downstream region. Near the outer edge of the jet, the concentration
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Figure 9. Cospectra of the velocity fluctuation and the concentration fluctuation on
the jet centreline.

of species B for the frozen limit, I 0, may be nearly equal to I'gy. If 70 ~ I'y, the
chemical reaction rate is very small since another reactant species A does not almost
exist at the measuring point. The JPDF of (U —U),,) and I'z maps over a broader range
0 < I'g < I'gp than that for the frozen limit because the reactant species B is consumed
by the chemical reaction.

Figure 7 also shows that the JPDF of (U —U,,) and I'gr maps to small I’ and large
(U —Uyy) in the upstream region where the product concentration is small. In contrast,
it maps to large I'g and small (U — Uy,) in the downstream region. Figure 8 shows that
the JPDF of (U — Uy) and I'r maps over the broad range 0 < I'y < I'gg near the outer
edge of the jet as for that of (U — Uy,) and .
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Figure 10. Cospectra of the velocity fluctuation and the concentration fluctuation at
x/d = 20.

4.3. Cospectra

Figure 9 shows the cospectra C,; (i = A, B, or R) of the streamwise velocity fluctuation
u and the concentration fluctuation +; on the jet centreline, and Fig. 10 shows Cy;
across the jet at x/d = 20. In Figs. 9 and 10, C,; is normalized by (U; — Uys) and
. Figures 9 and 10 also show the cospectra of v and ~; for the frozen limit and the
equilibrium limit. Figures 9 and 10 show that (4 is larger than that for frozen limit
in the upstream region and near the jet centreline whereas C), 4 is smaller than that for
the frozen limit in the downstream region and outer edge of the flow. It is also shown
that C,p has the negative value, and the magnitude of C,g is smaller than that for the
frozen limit in the upstream region and near the jet centreline whereas it is larger than
that for the frozen limit in the downstream region and the outer edge of the flow. Cygr
has a negative value in the upstream region and near jet centreline and become close to
0 as moving in x and y direction. In further downstream region and the outer edge of
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the flow, C,r has a positive value.

5. Conclusions

Simultaneous measurements of streamwise velocity and concentrations of reactive species
are conducted in a planar liquid jet with a second-order chemical reaction (A + B — R)
to investigate the joint statistics between the streamwise velocity and the concentrations
of reactive species. The main results are summarized as follows:

(i) The correlation coefficient R,4 of the streamwise velocity fluctuation and the
concentration fluctuation of reactant species A is smaller than that for the frozen
limit near the outer edge of the jet at x/d = 30 and 40, whereas it is larger than
that for the frozen limit in the upstream region and near the jet centreline at
x/d = 30 and 40. However, the absolute value of the correlation coefficient R,p
of the streamwise velocity fluctuation and the concentration fluctuation of reactant
species B becomes small owing to the chemical reaction. The correlation coefficient
R,r of the streamwise velocity fluctuation and the concentration fluctuation of
product species R has a negative value in the upstream region whereas it has a
positive value in the downstream region and near the outer edge of the jet.

(ii) The joint probability density functions of the streamwise velocity and reactant
concentration are nearly unchanged by the chemical reaction in the upstream region.
In the downstream region, the concentrations of reactants become smaller than that
for the frozen limit since the chemical reaction consumes the reactants. The JPDF's
of the streamwise velocity and the concentration of species B and R in a reacting
case map over the broad range 0 < I'y < I'gg and 0 < I'g < I'gg, respectively.

(iii) Cya is larger than that for frozen limit in the upstream region and near the jet
centreline whereas it is smaller than that for frozen limit in the downstream region
and the outer edge of the flow, where C,; (i = A, B or R) is the cospectra of
the streamwise velocity fluctuation and the concentration fluctuation of species i.
By contrast, the magnitude of (5 is smaller than that for the frozen limit in the
upstream region and near the jet centreline whereas it is larger than that for the
frozen limit in the downstream region and the outer edge of the flow. Cyr has a
negative value in the upstream region and near the jet centreline and has a positive
value in the downstream region and the outer edge of the flow.
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