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Komori & Ueda (1984)

6.0x 10!
49x%x102
8.0x1072
4.4 x10!
0
9.8%x10™*
1.6x10°%
1.6x1075
1.0x10?
(p.p.m.)
2.0x 10°
(p.p-m.)
3.8x107!
(p-p-m.”")
1.8 x 10
1.0x10°
0-13.3

3.4x1071
1.1x1072
3.2x 1072
3.6 x10°
9.0x 107!
1.8x 107*
1.6x 1078
1.6x 1075
4.0x10*
(p-p-m.)
2.0x10°
{p.p-m.)
3.8x101
(p.p-m."1 s
2.3 x10%
1.0x10°
0-36.8

Mudford &
Bilger
(1984)

4.7x 107!
2.0x 107!
4.3x10!
5.1x107!
0
3.0x10*
1.6 x 108
1.6x107®
1.0 x 10°
(p-p-m)
1.0 x 10°
(p.p-m.)
3.8x107
(p.p-m.7! g71)
5.9x10°
1.0 x 10°
3.3-95

Komori et al.
(1985)

5.0x10!
8.1x1071
1.6 x 10°
6.2x 1072
5.5x 107!
5.1x10™
1.6x 1078
1.6x10°°
3.0x10°
(p-p-m.)
6.0x 102
{p.p.m.)
3.8x10™!
(p-p-m.7' s71)
2.5 x 10*
1.0x 10°
8.8, 25

Bennani et al.

(1985)

8.4x10?
5.8x1073
6.9x10
1.0x 107!
0
56x107°
1.0x10°¢
1.4x10°°
9.0x 10!
(mol/m?)
6.0 x 10!
(mol/m?)
4.7%x1072
(m® mol™* s71)
4.8x%102
7.0 x 102
3.6-12.3

Komori ef al.

(1989)

1.9 x 1072
3.3x10°3
1.7x107t
2.2x 1072
0
7.6x 1073
1.0x10°®
1.7x107°
1.0x10?
(mol/m3)
1.0x 10
(mol/m?3)
0

6.4 x 10*
6.0 x 102
1.4-9.6

6.0>
2.4~

TaBLE 2. Flow and reaction properties used in the present calculations for the comparisons with the measurements
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Fieure 15. Comparisons of the segregation parameter o between the predictions and the previous
measurements listed in table 2: KU-P, round plume in a grid-generated turbulence (Komori &
Ueda 1984); KU-J, round jet in an irrotational coflow (Komori & Ueda 1984); MB, counter jets in
a turbulent smog chamber (Mudford & Bilger 1984); KUT, two-dimensional plume in the
atmospheric surface layer (Komori ef al. 1985); BGM, homogeneous plume in grid-generated liquid
turbulence (Bennani et al. 1985).

L and viscous dissipation were estimated by (28) and (29). For the experiments of
Mudford & Bilger (1984), the averaged values of the measurements reported in their
paper were used and the viscous dissipation was estimated by (29). For the
observations in the atmospheric surface layer by Komori et al. (1985), the viscous
dissipation and the lengthscale were estimated from the turbulence statistics
measured by Hunt, Kaimal & Gaynor (1985) (specifically their equations (2) and (3)).
The measurement range of each work was defined by using a non-dimensional
relative time ¢/7} on the assumption that the mean velocity U is constant. For the
counter jets of Mudford & Bilger (1984), a stagnation point where the two jets begin
to meet each other was taken as the origin of ¢/7} and a value of t/T}, was estimated
along the z-axis.

Figure 15 shows the predictions of the segregation parameter « for five reacting
flows in table 2. For the reacting plume of Bennani et al. (1985) in grid-generated
liquid turbulence, the predicted value of « is little larger than the measurements, but
it tends to settle to a constant value of about 0.55 in the developed mixing region of
/Ty, > 10. This behaviour is in good agreement with the measurements, though the
constant value of —0.55 is larger than the measured value of —0.7. Because this
model requires a continuous interface which persists for longer, it is likely that the
present model is in principle better for predicting the rather small values of « in
liquid flow with a high Schmidt number than the higher values of « in gaseous flow
with a low Schmidt number. Arrojo et al. (1988) have also modelled Bennani ef al.’s
(1985) measurements, but by using p.d.f. equations.

For the reacting counter jets of Mudford & Bilger (1984) with a low Schmidt
number of S¢c = 1, the values of a measured at four locations plotted against ¢/T},
have long data bands in the figure. The prediction curve (for their experimental
condition when translated to homogeneous uniform flow) passes through their data
bands except for the relative time of ¢/7}, = 6.3. In particular, the measured a at
t/Ty, = 9.5 is in good agreement with the prediction.
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Ficure 16. Initial concentration profile with three chemical species for a simulation of the effect

of non-reactive chemical species C on the segregation parameter a for the reacting jet of Komori
& Ueda (1984).

For the two-dimensional reacting plume of Komori et al. (1985) in the atmospheric
surface layer, the values of & measured at two positions are scattered, like those of
Mudford & Bilger (1984), but they seem to show a slight increase of a with the
relative time of mixing ¢/7}, again like Mudford & Bilger (1984). The predicted « also
shows a similar increase, passing through the average of the measured a.

For the reacting round plume in grid-generated turbulence and the reacting jet
with an irrotational coflow of Komori & Ueda (1984), the model predicts a negative
value of & over the entire period of mixing. This prediction, which is consistent with
the limits of & in (40) and (42), shows that the criticism by Bilger et al. (1985) of the
measurements of Komori & Ueda (1984) is in one sense correct.

Here we have to explain why Komori & Ueda’s (1984) measurements in a plume
and a jet showed positive values of . Komori & Ueda (1984) used a careful
measuring procedure as mentioned in their paper and therefore it is difficult to admit
the large measurement error suggested by Bilger et al. (1985). However, there is some
doubt whether, in their experiments, the non-premixed condition was attained or
not, i.e. whether the chemical species O, in their ambient coflow was homogeneously
diluted by purified air to a scale less than the Kolmogorov scale 3. In fact, their wind
tunnels were not equipped with a method for thoroughly diluting O,.

The present model was used to simulate the effects of an initially inhomogeneous
dilution by taking an idealized initial concentration profile with a non-reactive
species C introduced between A and B in the range of |z| < d (figure 16). The results
in figure 16 show how «a varies with time for the case of a reacting jet (Komori & Ueda
1984) with a non-reactive species. In this case the value of « has a maximum and
becomes positive once the mixing has developed where t/Ty, 2 6. The time for this
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Fraure 17. A physical mechanism for the mixing of three chemical species and their
instantaneous concentration profiles.

transition depends on the spacing of C between species A and B in the initial
concentration profile.

This situation is similar to Warhaft’s (1984) experiments without reaction, where
he introduced two non-reacting species into a grid-generated turbulent flow with a
spacing d between the sources. Stapountzis (1988) repeated these measurements with
shear. These experiments clearly showed that on the centreline between the sources
o changes sign when the mixing time is greater than 77. The exact time for this
transition also depended on the spacing. (Detailed comparison of this flow with the
two-particle model is given by Thomson 1990, while Picart ef al. 1989 used direct
numerical simulation to compute the time evolution of the correlation between c,
and cg.) Based on the flow visualization study of Stapountzis (1988) one can say that,
initially, the two species 4 and B are alternatively advected up and down by
turbulent motions across z = 0, which leads to & < 0. But further downstream, the
interface becomes convoluted and pockets of unmixed 4 and B species are found in
the volume occupied by non-reactive species C, as shown in figure 17. These processes
(and lack of mixing) can generate a positive correlation between the concentration
fluctuations of the two species, as shown by the instantaneous concentration profiles
of figure 17. Thus, both the simulations and the measurements suggest that Komori
& Ueda (1984) failed not in measuring the mean concentrations but in homogeneously
diluting the chemical species at ¢t = 0.

5. Concluding remarks

Since the ultimate stage of the mixing process is the transfer of matter or heat
between fluid volumes by molecular processes, this process occurs at very small scales
in turbulent flows with high Reynolds numbers. Mixing first requires large-scale
motions bringing the volumes together (which is most easily understood in
Lagrangian terms), and then it involves small-scale-motion processes where
molecular diffusion between high concentration and low concentration in the fluid
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volumes is of the same order as the local transport by the local straining motions.
(This process is best understood in Eulerian terms — in a frame of reference moving
with the large eddies.)

So models must allow for both the large-scale and small-scale processes. However,
as usual in turbulence, most models invoke some assumptions that the small-scale
processes are determined by the large-scale motions and are independent of the
Schmidt number. But they are not in general valid for mixing processes, since the
small scales can play an important role, except for extremely high Reynolds
numbers. We have described one kind of model based on two-particle trajectories
plus small-scale mixing, and we have applied the model to a non-premixed reacting
flow with a moderately fast or slow second-order reaction.

The main conclusions from the simulations by our model can be summarized as
follows.

(i) The relative mixing time t/7}, the turbulent Reynolds number Re,, the
Schmidt number S¢, the Damk&hler number based on the integral timescale Da; and
the ratio of the initial concentrations f are the important parameters which
determine the segregation parameter a, and therefore the mean chemical reaction
rate in a non-premixed reacting flow (in a process where Da; is of order unity). By
estimating these five parameters, the present model enables us to indicate an
approximate value for the segregation parameter a. Also, it can qualitatively explain
most previous measurements of the segregation parameter, about which there has
been substantial disagreement among experimentalists.

(ii) In the initial region near the source, the segregation parameter is negative and
it grows towards zero with increasing mixing time. The growing rate for Sc ~ 1 is
larger than for Sc ~ 10%. For a high Damkdhler number, the segregation parameter
remains at a large negative value, even for a large mixing time, and therefore for a
large mixing time the chemical reaction rate decreases in the downstream region. The
variations of the segregation parameter with the mixing time can also be explained
by a physical mechanism based on the motion of the interface.

(iii) Shear can rapidly increase the segregation parameter towards zero, and
therefore promote the chemical reaction rate even for a high Damkdhler number.

Strictly, these results are limited to low-shear or shear-free turbulence with a
moderately fast or slow reaction and the reacting zone near the source, because of the
assumption used in the model. Therefore, applying the model to larger mixing times
or higher shear rates may lead to some errors due to underestimating the amount and
the rate of the reaction.

In the future there should be an improvement in Lagrangian methods resulting
from direct simulation of turbulent flows and the computations of trajectories using
large computers (e.g. Girimaji & Pope 1990) or by large-eddy or possibly ‘kinematic
simulations’ (Drummond & Miinch 1990; Malik 1990; Canuto et al. 1990). In
particular it will be interesting to see computations of relative diffusion (cf.
ensembles of pairs and larger groups) and the comparison with simple stochastic
models (such as (11)). Even when Lagrangian trajectories are better understood and
better modelled, they still have to be related to the small-scale molecular diffusion
processes (e.g. Canuto ef al. 1990). Computations and simulations of Lagrangian
trajectories will also help other kinds of modelling, notably those based on assumed
forms of probability distributions.
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