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Confined impinging-jets reactors (CIJR) offer many advantages for the chemical
processing of rapid processes, such as precipitation and the production of organic
nanoparticles. Nevertheless, due to the lack of predictive design criteria, the use of such
a reactor for a new process currently requires a significant experimental campaign before
it can be used commercially. Experimentally derived scale-up rules for CIJRs have
recently been reported. Using carefully controlled experiments with a fast parallel-
reaction system, the conversion of 2,2-dimethoxypropane (DMP) for a wide range of jet
Reynolds numbers have been measured. The experimental conversion data can be accu-
rately predicted using computational fluid dynamics (CFD) for the range of jet Reynolds
number where the flow is turbulent. In addition, the CFD provides a wealth of detailed
information on the reacting flow inside of the CIJR. Such information provides excellent
guidance for improving the performance of the reactor by, for example, changes in the
geometry. By clearly illustrating the ability of CFD to reproduce (without adjustable
parameters) the experimental data for a CIJR, this study makes a significant step in the
direction of “experiment-free” design and scale-up of chemical reactors. © 2005 American
Institute of Chemical Engineers AIChE J, 52: 731-744, 2006
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Introduction

A confined impinging-jets reactor (CIJR) consists of two
high-velocity, coaxial liquid jets that collide and produce mix-
ing times on the order of milliseconds. As discussed in detail
elsewhere,' the use of confined impinging jets for chemical
processing has been widely studied in the past. In recent years,
there has been a renewed interest in these devices due to their
ability to achieve very fast mixing relative to other fast pro-
cessing steps. This fact has proven crucial in a number of
high-value applications, such as the precipitation of biochemi-
cals,>? and the precise control of the particle-size distribution
in the production of nanoparticles containing organic actives
and block copolymer.*3
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Although CIJRs have been successfully used in produc-
tion-scale processes,! scale-up rules have only recently been
elucidated, based on a comprehensive experimental study.
However, these scale-up rules require the user to run at least
one experiment for any new geometry or operating condi-
tions in order to fix a proportionality constant in the expres-
sion for the mixing time. In theory, by employing a com-
putational approach, based on computational fluid dynamics
(CFD) for turbulent reacting flow,% “experiment-free” de-
sign and scale-up of CIJRs should be possible. In practice,
experiments would be required only to determine the fun-
damental rate constants appearing in the chemical kinetics.
However, once determined, these constants could be used
for arbitrary flow and geometrical conditions. Nevertheless,
before such an approach can be used with confidence in
industry, it must first be demonstrated that CFD predictions
for a carefully designed and executed laboratory experiment
are accurate and reliable.
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Figure 1. Confined impinging-jets reactor (CIJR).

The objective of this work is, thus, to validate a CFD model
for mixing-sensitive reactions using the experimental data re-
ported by Johnson and Prud’homme.! The CFD model is based
on solving the composition probability density function (PDF)
transport equation® using the direct-quadrature-method-of-mo-
ments (DQMOM).” The conditional molecular diffusion term
is closed with the interaction-by-exchange-with-the-mean
(IEM) model.® Wang and Fox® provide a complete description
of the resulting DQMOM-IEM model. The geometry of the
CIJR used in our CFD simulations is identical to the experi-
ments, and is shown in Figure 1. The diameter of the impinging
jets, d is 0.5 mm. Letting D, H, Z and & represent the chamber
diameter, height, length, and the outlet diameter, respectively,
their scaled values are D/d = 4.76, H = 0.8D, Z = 1.2D, and
6 = 2d. More details on the CIJR and the experimental setup
can be found in the original article.!

The remainder of this work is organized as follows: First, we
review briefly the parallel-reaction system used in the experi-
ments, and show that it can be modeled by two variables:
mixture fraction and a reaction-progress variable. Following,
we introduce the CFD model and discuss how it can be em-
ployed to study the different scales of mixing present in the
CIJR. An overview of the simulation conditions is then fol-
lowed by a detailed discussion of our results. We close by
drawing conclusions from our study that are relevant to the use
of CFD for analyzing the CIJR, and to chemical reactor
scale-up in general.
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Parallel-Reaction System
Reaction kinetics

In the experiments, a pair of second-order parallel reactions
is employed to evaluate the extent of mixing.!® The reaction
stoichiometry can be expressed as

ki

H'(A) + OH (B) — H,0(P,)

k

H'(A) + CH,C(OCH,),CH,(D) + (H,0) — H'(A)

+ CH,COCH;(P,) + 2CH;0H(P;) (1)
with rate constants k, = 1.4 X 10® m*/mol - s and

ky = 7.32 X 107exp(—5556/T) 10005434+ 7-07x1072C) m3/mo] + 5
2)

where C is the concentration of sodium chloride in the feed-
streams. As shown in Eq. 1, hereinafter, we will refer to the
reactants as, A, B, and C, and the products as P, P, and P;.
Note that the second reaction is catalytic so that A appears as
both a reactant and a product with no net consumption. Non-
premixed feed conditions are used with A in one stream, and B
and D in the other stream. The reactor is operated in continuous
mode with mass flow rate m, for the first stream containing A
and m; = m, for the second stream containing B and D.

As discussed elsewhere,! since the first reaction is very
rapid, when excess B is present the second reaction will take
place only under conditions where mixing is slow compared to
its reaction rate. Thus, the conversion of D is a sensitive
measure of the extent of mixing in the CIJR. These authors!
have, thus, varied the reaction rate (by changing the feed
concentrations) and the mixing rate (by changing m,) indepen-
dently, and measured the conversion of D. Using CFD to model
the reactor, in this work we will vary the same operating
parameters and compare the predicted conversion to the exper-
imental data.

Model variables

As discussed by Fox,® mixing between two inlet streams can
be described by a mixture fraction & which is not affected by
chemistry. By convention, we will set ¢ = 0 in the stream
containing A and ¢ = 1 in the other stream. Thus, the value of
the average mixture fraction after complete mixing is

my

&= =0.5 3)

m, + m,

Any deviations from complete mixing will manifest themselves
as values of the mixture fraction different than &. Likewise,S the
chemical kinetics in Eq. 1 can be described by two reaction-
progress variables Y, and Y,, which are zero in the feed
streams, but otherwise always positive.

In terms of the mixture fraction and reaction-progress vari-
ables, the reactant concentrations are
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=Afl - - (1-£)Y)] @)
¢y = Bo(£ — &) 5)
= Dy(£ — £,1)) (©)
where
and
£ = AA%D ®)

and A, By and D, are the inlet molar concentrations of reac-
tants A, B, and D, respectively. Thus, in the absence of chem-
ical reactions (that is, Y,=Y, = 0), after complete mixing the
reaction concentrations will depend only on & = &.

By making the change of variables given in Eqs. 4 — 6, the
reaction rates for the reaction-progress variables can be ex-

pressed as
k 1 — 6 g
Si(€ ¥y = B gv CaCp = B()g’ﬂkl(l—i&l - Y1>(a - Yl)
)
SAé T, 1) = ofsz caco
- & &
0§A1k2< — &, Yl)(E* Y2> (10)

Note that since the reaction rates must always be nonnegative,
the chemically accessible values of the reaction-progress vari-
ables will depend on the value of the mixture fraction. We will
discuss this point further by looking next at limiting cases
where the rate constant k, is very large and k, is finite.

Limiting cases

Due to the large value of k,, the first reaction is essentially
instantaneous compared to the characteristic mixing times in
the CIJR. This implies that Y; can be written in terms of & by
setting the corresponding reaction-rate expression (S;) equal to
Zero

& 1-¢ )

Y ; mln(&:l gsl

an

In order to avoid numerical difficulties associated with treating
the first reaction with a finite-rate chemistry solver, we will use
this infinite-rate approximation in our CFD simulations of the
CIR.

Note that Eq. 11 implies that A and B cannot coexist at any
point in the flow. Using this infinite-rate approximation, we
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Figure 2. Region in £ — Y, phase space with nonzero
chemical source term, and the mixing line.

need only solve transport equations for ¢ and Y,, where the

source term for Y5, is now
el
— Y./l —Y 12
g, e)lg, ) 02

Note that S,,. must be non-negative, and, thus, the expression
above only holds for & and Y, values that satisfy this condition.
For all other values, S,.. is null. Applying Eq. 11, we find that
when S,., is nonzero, it equals

_ é) ( d
ésl gsZ

The region in ¢ — Y, composition space where this chemical
source term is non-zero is shown in Figure 2. Note that the
maximum conversion of D occurs when £€=§, and corresponds
to Y. = €./&,, or (using Eq. 6) to ¢, = 0 (that is, complete
conversion).

As mentioned earlier, the reactor is operated with excess B
so that &, = 0.4878. Since equal flow rates are used for the
inlet streams, the average mixture fraction is just outside the
reaction region: £, < & = 0.5. Thus, if mixing were much
faster than the characteristic reaction time of Eq. 13 ((Aok,) '),
the mixture fraction in all fluid particles would be equal to the
mean (£ = &), and no reaction would occur so that ¥, = 0.

In the opposite limit, the maximum attainable value for Y,
when &, = & = 1 is the mixing line®, defined by

Sy.(&,Y,) = Bo§s1k2<

Sy:(€, Yy) = Aok2< 1 Y2> if0=&=¢,and0

=Y,=¥g¢, (13)

1 —
YZmix(g) = YZmax(?é) for gsl = g =1 (14)

and shown as a dashed line in Figure 2. Using this expression,
we find that the maximum attainable conversion is
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_ fsl(l - g)

X fi L=E=1 1
max f(l _ gﬂ) or &l g ( 5)

In the experiments, the maximum conversion is, thus, X, .. =
0.9524, and would occur when the second reaction is very fast
relative to mixing.

In summary, the accessible & —Y, phase space for this
chemical system is given by the triangular region in Figure 2.
Phase-space trajectories begin at the two feed streams [stream
1: (0,0) and stream 2: (1,0)] and end at the perfect-mixing point
(&, 7,). If &, < &, then the value of Y, is determined by the
amount of time spent in the region with nonzero source term
(tix), and the characteristic time of the second reaction (¢,). If
t. is large compared to t,,, then Y, will be near zero. If the
inverse is true, then ¥, will be near Y,,,,.. The predicted value
of Y,, thus, serves as a measure of the average mixing time for
the CIJR.

Reactive Mixing Model
DOMOM-IEM model

In order to model reactive mixing using CFD, a micromixing
model is needed to describe the interactions between chemistry
and turbulent mixing.® In this work, we will use the two-
environment DQMOM-IEM model.® The CFD model solves
transport equations for the mixture fraction §,, and reaction-
progress variable Y,,, in the nth environment with n = 1,2. Each
environment represents one inlet stream. The total number of
transport equations needed to treat mixing and chemical reac-
tions for the chemical system under consideration is five. The
conserved scalars appearing in the model are p,, p,&,, p,é,,
p.Y>, and p,Y,,, where p, is the mass fraction of the nth
environment.

Denoting the mean fluid velocity and mean density as (U)
and p, respectively, the transport equation for the mass fraction
of fluid coming from the first inlet (p,) is

app,
ot

+V- P<U>P1 =V (pI'tVpy) (16)

and the mass fraction of fluid coming from the second inlet is
P> = 1 — p,. In Eq. 16, the turbulent diffusivity is defined as

Cuk

- Scr € a7)

T

with Cu = 0.09 and Scr = 0.7. k and ¢ are the turbulent kinetic
energy, and the turbulent dissipation rate, respectively, and are
computed using the k — & model. More details on turbulence
modeling can be found elsewhere.!!

The transport equations for the mixture fraction in the two
environments are

app.é
Jat

+ V- (p(U)pi&) = V- [pI'tV(pi€)] + pypira(& — &)

pl

+—— (pIVEP + plVEP)  (18)
& &
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and

dpp,&>
at

+ V- (p(U)p:&,) = V- [pI'V(p:6)] + pypipa(& — &)

PFT ) )
+H(MIV§1| +plVEP)  (19)

The final two terms in these equations represent micromixing.
If these terms are neglected, then it can easily be shown using
Eq. 16 that &, and &, will be constant and equal to their inlet
values. Thus, the effect of micromixing is to move the mixture
fraction in each environment toward the local mean value, (),
or in other words to reduce the mixture-fraction variance (£'%).

The transport equations for the reaction-progress variable in
the two environments are

app Yy
ot

+V- (P<U>P1Y21) =V [PFTV(P1Y21)]

+ pp1S5.(&1, Ya1) + pypipa (Yo, — Vo)

pl'r ) )
+ Y. — Y (P1|VY21| +P2|VY22|) (20)
21 22
and
app,Ya,
ot +V- (P<U>P2Y22) =V [PFTV(P2Y22)]

+ pp2S2(&2, Yao) + pypipa (Yo — Yao)

pl'r ) )
+ — (p1|VY21| +P2|VY22| ) (2D
Yy = Y

Except for the chemical source term, these equations have the
same form as those used for the mixture fractions. Note that the
chemical source term (S,.) is evaluated using the mixture
fraction and reaction-progress variable in the particular envi-
ronment. The average chemical source term (S,..(&, Y,)) will
thus not be equal to S,..({£), (Y,)) unless micromixing occurs
much faster than the second reaction.

Once the mixture fraction and the reaction-progress variable
in each environment are known, the species concentrations in
the nth environment can be obtained using Eqs. 4 — 6:

Can = AO[I - gn - (1 - gsl)YlnL (22)
Cpn = BO(SH - gslyln)a (23)
Cpn = DO(%M - §x2Y2n)' (24)

The mean concentrations are then defined by

(ca) = pica + PaCaos (25)
(cp) = Picp t PaCh, (26)
{cp) = picpi + PrCpo. 27
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The overall conversion of D, denoted by X, is computed using

_ <CD_>

X=1
D&

(28)

where the “mixing-cup” average of (c,) at the outlet is defined
by12

p— 1

(ep) = ", p{cp)XU) - ndS (29)

m
outlet

ms; = m; + m, is the outlet mass flow rate, and n is the
outward-directed normal vector on the outlet surface S. Note
that (cp) would be equal to (cp) if the outlet flow were
completely macromixed. Also note that due to the small Reyn-
olds number in the outlet tube, the outlet velocity is far from
plug flow. Thus, the mixing-cup average in Eq. 29 cannot be
replaced with the surface average when computing {c,).

Scales of mixing

In terms of the model variables, the mixture-fraction mean is
defined by

(&) = piéi + P&y (30)
and the mixture-fraction variance by
(€72 = p& + pa&s — (&) 31

By summing Eqgs. 18 and 19, the Reynolds-average transport
equation for (&) is recovered

ap(é&)
at

+ V- (p(UXE) = V- (pI'tV(§) (32)

Using similar manipulations,® the Reynolds-average transport
equation for (£'%) can also be recovered

ap(€'?)
at

+ V- (p(UXE?) = V- (pI'tV(E?)) + 2pT1|[V(H[
—2py (€7 (33)

The second term on the righthand side is a production term due
to gradients in the mixture-fraction mean. The final term is a
dissipation term due to micromixing.

Using the mixture-fraction mean and variance, we can define
two types of segregation. The first type, large-scale segregation
(LSS), is defined as deviations of (&) from the average £ and
can be measured by a LSS variance

<§'2>Lss = (<§> - é)z (34)

Starting from Eq. 32, the transport equation for the LSS vari-
ance can be found:
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aP<§/2>Lss

ot +V: (P<U><§'2>Lss) =V (pFTV<§’2>LSS)

— 2pI{ V(O (39)

The characteristic decay time for LSS variance is, thus, given
by

<§,2>LSS

fLss = VP (36)

which in the mixing community is commonly called the
“blend” or “macromixing” time (albeit defined in this case as a
local quantity). Note that the LSS variance has no production
term in its transport equation. Instead, (£'); ¢s = 0.25 is non-
zero in the inlet streams, and decays toward zero at the outlet.
(Or at least it should if the residence time is long enough to
allow for complete mixing).

The loss of LSS variance leads to production in Eq. 33 of
small-scale segregation (SSS), which is measured by (¢). The
characteristic decay time for SSS variance is given by

1

Isss = 27,), 37

and is commonly known in turbulent-mixing theory as the
micromixing time.° In turbulent-transport models, the micro-
mixing parameter vy is modeled by

_C(bs 38
YT 5k (38)

with Cy ~ 2 for high-Reynolds-number flow.¢ Note that if Cy
= 0, the mixture fractions and reaction-progress variables in
the DQMOM-IEM model will stay at their (constant) inlet
values throughout the flow domain, and, hence, no reactions
will occur in this limit. The SSS variance and the conversion of
D are, thus, controlled directly by the model used for vy, and
indirectly by ;¢ (since LSS variance must be eliminated
before any reactions can occur).

For a fixed Schmidt number (S¢c = v/I'" where v is the
molecular kinematic viscosity and I is the molecular diffusiv-
ity), it is well known that C,, is a function of the local turbulent
Reynolds number.'? In general, for Sc > 1 (that is, liquids), Eq.
38 with C, =~ 2 overestimates the micromixing rate.® The local
turbulence level can be quantified by a turbulent Reynolds
number defined as ©

k

= ()2 (39

Re,
where v ~ 2.073 X 10 in this work.

The dependence of C,, on Re, can be understood by consid-
ering the shape of the scalar energy spectrum Eg (k) as a
function of Re, for fixed Sc = 1000 (the shape is insensitive to
Sc for values much larger than unity). Using a model scalar
spectrum® for Re; = (1, 10, 100, 1000), we find the spectra
shown in Figures 3 and 4 where we have implicitly assumed
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Figure 3. Dependence of model turbulent energy spec-
trum on the turbulent Reynolds number.

that the turbulence integral scale L, is independent of Re, (that
is, it is fixed by the geometry of the CIJR). Thus, the dimen-
sionless wave number k = 1 corresponds to the turbulence
integral scale.® These scalar spectra can be interpreted as fol-
lows: For Re; = 1, the turbulence integral scale and the
Kolmogorov scale m are equal so that the scalar energy spec-
trum has no inertial-convective subrange. Instead, for 1 < k, it
is composed almost entirely of a viscous-convective subrange
that scales like E, ~ k!, followed by an exponentially
decaying viscous-diffusive subrange beginning near the Batch-
elor scale Az = Sc~ "2 (or, in terms of dimensionless wave
numbers, near k = Sc”2Re?/2). At Re, = 10, there is still no
well-defined inertial-convective subrange. However, at Re;, =
100, a short inertial-convective subrange exists up to approx-

imately k = Rej”, which scales like E, ~ k. This is

followed by a viscous-convective subrange where E, ~ k™',
and then by the viscous-diffusive subrange. Finally, at Re, =
1,000 the scalar spectrum is fully developed with clearly vis-

ible inertial-convective, viscous-convective, and viscous-diffu-

0
[ /\\ —_— - He|=1
:/ AN, Re,=10
A ———— Re,=100
SFE N\ ------ Re,=1000

| LALALAN A LA S S B B B B |

4

Figure 4. Dependence of scalar energy spectrum on the
turbulent Reynolds number for Sc = 1,000.
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Figure 5. Dependence of C,, on the turbulent Reynolds
number for Sc = 1 (typical gases) and Sc =
1000 (typical liquids).

sive subranges. Likewise, in the model turbulent energy spectra
(Figure 3), the —5/3 law can only be seen clearly at high-
Reynolds numbers.

As explained by Fox® and originally proposed by Corrsin,!3
by integrating over the model scalar spectrum, we can compute
the mechanical-to-scalar time-scale ratio R, which is equal to
Cy. Assuming Sc = 1,000, the dependence of C,, on Re; found
in this manner is shown in Figure 5. As expected, the shape of
the scalar spectrum has a strong effect on C, especially at low
Reynolds numbers. In general, the decay rate of SSS variance
is considerably smaller than the rate seen for a fully developed
spectrum when Re; < 100. The dependence of C,, on Re; is
approximated in our CFD simulations by the following expres-
sion

6
Cy= > a,(gRe,)" for Re, =02 (40)

n=0

which is also shown in Figure 5. Here a, = 0.4093, a, =
0.6015, a, = 0.5851, a; = 0.09472, a, = —0.3903, a5 =
0.1461, and ag = —0.01604.

Because the local turbulent Reynolds number in the CIJR is
found to be less than 65 for all of the flow conditions used in
the experiments, accurate predictions of the chemical conver-
sion are only possible by including low-Reynolds-number ef-
fects in the model for the micromixing rate. Finally, note that
this procedure for finding the dependence of C. on Re, can be
used for other Schmidt numbers. For example, we have in-
cluded in Figure 5 the results for S, = 1, which would be
appropriate for modeling gas-phase flows.

Differences in our interpretation of the micromixing time
tgss as compared to “classical” micromixing theory!+!> deserve
comment. First, in the classical theory it is implicitly assumed
that the flow is turbulent enough to allow for a clear separation
of scales between the energy-containing and dissipation ranges.
As seen in Figure 4, this will only occur if the local turbulence
Reynolds number is greater than approximately 100. As men-
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Table 1. Average Inlet Concentrations for Various Values of the Characteristic Reaction Time

t, (ms) 317 181 61 28 16.7 9.5 6.5 4.8
Ag/2 (mol/m?) 4.69 8.21 24.36 53.06 88.96 156.39 228.56 309.50
By/2 (mol/m?) 4.92 8.62 25.57 55.71 93.41 164.21 239.99 324.98
Dy/2 (mol/m?) 4.69 8.21 24.36 53.06 88.96 156.39 228.56 309.50

tioned previously, even for the highest inlet jet Reynolds num-
bers investigated, the CIJR has Re, values that are much lower
than 100. Thus, fully developed turbulence theory does not
apply for the CIJR. Nevertheless, because of the lack of an
inertial-convective subrange at low Reynolds numbers, 7gqq
does not have pure inertial-range scaling either (that is, Cy,. is
not constant). Instead, as the jet Reynolds number is increased,
Re, increases leading to an increase in C,, due to changes in the
shape of the scalar spectrum. The fact that the experiments
exhibit Kolmogorov scaling for the micromixing time' can be
attributed to the presence of only the viscous-convective sub-
range for low Re,. Thus, the question of how the micromixing
time depends on the inlet jet Reynolds number is more com-
plicated than the simple scaling theory presented by Johnson
and Prud’homme.! We will return to this topic later when
discussing the CFD simulation results.

Simulation Conditions

The CFD code Fluent 6.2 was used to solve the turbulence
model and scalar transport equations. The computational grid
consisted of at least 20880 hexahedral cells, with more cells
required for grid-independent solutions at higher Reynolds
numbers. The five dependent variables used in the DQMOM-
IEM model are

X, =pi, Xo=pié,

X5 =py6, X,=pY,, and

X5 = p, Yo,

where p, = 1 — X,. These variables were implemented in
Fluent 6.2 as user-defined scalars. The inlet conditions in the
first inlet stream are X, = l and X, = X5 = X, = X5 = 0, and
in the second inlet stream X, = X, = 0, X5 = 1,and X, = X5 =
0. Note that by definition, & = 0 and & = 1 in both inlet
streams. Thus, for example, whenever p, = 0 the ratio X5/p, =
1. The flow rates of the two inlet streams are equal. Therefore,
under perfectly mixed conditions, the outlet values for the mass
fractions would be p; = p, = 0.5. The properties of the flow
are assumed to be constant. The density and the viscosity are
962.5 kg/m* and 0.001995 kg/m - s, respectively.

The characteristic reaction time is defined as ¢, =
(k,C40) ', where C,, is the average concentration of A after
mixing as if no reaction had occurred

Cpo=(1—8A,=0.54,. 41)

The temperature is assumed to be 298 K and kept constant.
Therefore, the rate constant (Eq. 2) based on the inlet stream

containing A and 90 mol/m® sodium chloride is k, = 0.67313
m*/mol * s. As in the experiments, ¢, (ms) was chosen to be 317,
181, 61, 28, 16.7, 9.5, 6.5, and 4.8. Therefore, the value of Cy
corresponding to ¢, = 317 ms is 4.686 mol/m> and, thus, Ay =
9.373 mol/m>. The inlet concentration of B is B, = 9.842
mol/m?® and D, = 9.373 mol/m? to satisfy the molar ratio of
reagents (1:1.05:1) adopted in all the experimental runs. The
inlet concentrations corresponding to the characteristic reaction
times are summarized in Table 1.

As done in the experiments, the inlet jet Reynolds number,
defined by

d] Ul
ReJ' = v, N

(42)

is computed, based on the inlet velocity, the diameter of the
inlet tube (d, = 0.5 mm), and the properties of the mixed
stream as if only the first reaction has occurred. Note that Re;
represents the integral-scale Reynolds number in the CIJR.
Thus, the local turbulence Reynolds number will scale like® Re,
~ Rej” 2, Hence, the micromixing time g5 will depend on Re;
through both the Re; -dependence of C,, and the dependence of
v (Eq. 38) on k/e ~ Rej_'. The overall dependence of the
micromixing time on Re; will, thus, scale like g5
[Re;C 4(Rep] ™", and will vary from tgss ~ Re; > at low to
moderate jet Reynolds numbers to fgqq ~ Rejf1 at (very)
high-jet Reynolds numbers. The jet Reynolds numbers and the
corresponding inlet velocities adopted in the simulations are
shown in Table 2 The standard k — € model in Fluent 6.2 with
enhanced wall treatment, was employed to compute the turbu-
lent kinetic energy and dissipation. Fluent 6.2 offers another
two-wall treatment options: the standard wall functions and the
nonequilibrium wall functions. However, they were not em-
ployed in our simulations since the law of the wall assumption
is questionable for the three-dimensional (3-D) flow in the
CIJR. The enhanced wall treatment involves a two-layer k — &
model the performance of which is satisfactory for complex
flows. More details can be found elsewhere.!®

It should be noted that the length-to-diameter ratio, 1/d, of
the inlet feed tubes in the experiments was designed to be a
minimum of eight to ensure that the jets were stable. However,
in order to improve the computational efficiency, L/d = 1.62 in
the computations. The inlet boundary conditions for the two
jets are assumed to be identical and given by the outflow of a
tube with L/d = 10. Similarly, in the experiments the exit-tube
runner was designed to be at least 10 times the outlet diameter
in order to ensure that the streams were fully mixed prior to
sample collection. However, we use K/6 = 1.62 in our com-

Table 2. Inlet Jet Velocity for Various Jet Reynolds Numbers

Re; 100 200 400 500 600 800 1000 2000 3000 4000
U, (m/s) 0.415 0.83 1.66 2.10 2.49 3.32 4.15 8.30 12.45 16.6
AIChE Journal February 2006 Vol. 52, No. 2 737
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Figure 6. Turbulence fields for Re; = 400.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

putations. The simulation results revealed that unless ¢, is small
(for example, 4.8 ms), and the jet Reynolds number is not high
enough (that is, Re; < 500), the simulated conversion of D for
a domain with K/6 = 10 (Domain B) is very close to that for
a domain with K/6 = 1.62 (Domain A). More details are given
in the discussion of the results later. Unless specified other-
wise, the computational results are found using Domain A.

Because the density and viscosity are constant (that is,
independent of the scalar fields), the turbulent flow field can be
obtained first before solving the other scalar transport equa-
tions. Thus, for a fixed jet Reynolds number, the CFD solution
procedure can be divided into three sequential steps:

1. Solve the turbulence model for (U), k and .

2. Solve the nonreacting DQMOM-IEM model to find p,, &
and &,.

3. For each value of #,, solve the reacting DQMOM-IEM
model for Y,, and Y,,.

This procedure is facilitated by the ability to solve only
selected transport equations in Fluent 6.2 while holding all
other variables constant.

Results and Discussion
Turbulent-flow fields

Sample distributions of the turbulent kinetic energy and dissi-
pation rate with Re; = 400 are shown in Figure 6. The turbulent
kinetic energy has a peak value at the interface of the imping-
ing jets as expected. In general, the zone of intense mixing is
limited to a small region of the total volume of the CIJR. At
lower values of Re;, fluid from the inlets can easily bypass the
mixing zone and large-scale segregation is observed in the
reactor and at the reactor outlet. The pressure drop across the
CIJR is shown in Table 3 as a function of the jet Reynolds
number. Note the substantial increase in the pressure drop
between Re; = 1,000 and 2,000. This increase is due to the

y
f

Figure 7. Turbulent Reynolds number in the CIJR for
different values of Re;. A: 200. B: 400. C: 1,000.
D: 4,000.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

formation of a turbulent zone at the reactor outlet as discussed
later.

Note that Re, is the ratio of the turbulence integral time scale
7, = k/e and the Kolmogorov timescale 7, = (v/&)"*. Thus, at
least conceptually, Re; = 1 would correspond to a flow with
only one time scale (that is, laminar), and Re, increases pro-
portional to the Taylor-scale Reynolds number® as the flow
becomes more turbulent. Generally speaking, a flow must have
Re; > 10 in order to be considered turbulent (that is, amenable
to Reynolds-average turbulence models). Moreover, using the
model energy spectrum,'! it is possible to show® that Re, > 100
is required for the existence of an inertial range (that is,
high-Reynolds-number flow). In general, care must be taken
when using standard turbulence models for flows with Re; <
10.

Re in the CIJR varies with Re; as shown in Figure 7. When
Re; = 200, Re; < 23 everywhere except in a small central core
of the impingement zone, indicating that the predictions of the
turbulence model must be treated with caution when Re; = 200.
When, Re; = 400, Re; = 26 in much of the flow, indicating that

Table 3. Pressure Drop Across CIJR for Various Jet Reynolds Numbers

Re; 100 200 400 500

J

600 800 1000 2000 3000 4000

Ap (psia) 214.1 565.2 1528 2186

2843 4552 6680

23720 38910 45460
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Figure 8. Contours of mixture-fraction variance (¢'?) on
the central plane for Re; = 400 predicted by (A)
the DQMOM-IEM model, and (B) the Reynolds-
average transport equation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

the flow is moderately turbulent (although no inertial range
exists). When Re; = 1,000, Re; = 30 in much of the flow.
Hence, as noted earlier, the flow in a CIJR cannot be consid-
ered to be fully developed turbulence in most of the range
considered in the experiments. When Re; = 4,000, a second
zone of turbulence with Re;, = 64 is found at the outlet to the
reactor. It is this zone that changes the scaling behavior of the
mixing times for Re; > 1,000, seen later. Due to the high
anisotropy of the flows in the CIJR, the turbulent field and the
mixing timescales predicted tend to be affected by the turbu-
lence model. As done elsewhere,!”-!8 it would be useful to
validate the turbulence-model predictions against microscale
particle-image velocimetry (micro-PIV) measurements of (U)
and k in the CIJR or conventional PIV measurements in a
suitably scaled CIJR.

Mixture-fraction fields

Figure 8 shows contour plots of the mixture-fraction vari-
ance predicted by the DQMOM-IEM model, and by the Rey-
nolds-average transport equation at the central plane of the
CIJR with Re; = 400. The mixture-fraction mean and variance
at different Z-positions are shown in Figure 9. The results given
by the DQMOM-IEM model are very close to those given by
the Reynolds-average transport equations, indicating that the
DQMOM-IEM model predicts the first-order and second-order
moments of the mixture fraction consistently. As done else-
where,!8 it would be useful to validate these predictions using
planar laser-induced fluorescence (PLIF) measurements in a
CILR.

If the dissipation term, g, is set to zero (this is equivalent to
turning off the micromixing terms in the DQMOM-IEM sim-
ulations), the mixture-fraction variance is related to the mix-
ture-fraction mean analytically by'®

(&%) =& —<&) (43)
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Figure 10 shows that the RANS and DQMOM-IEM simula-
tions agree with Eq. 43. We should note, however, that in order
to obtain good agreement for the RANS simulation a signifi-
cantly finer grid is required than for the DQMOM-IEM simu-
lations. This difference is due to the structure of the models
(that is, when g,= 0, the mixture-fraction variables §, are
constant in the DQMOM-IEM model and only the values of p,,
change), and in general the solution to the DQMOM-IEM
model will be less sensitive to the grid refinement. Thus, when
the RANS model is employed, the case with g, = 0 can be
used to check for grid independence via Eq. 43. Analogous
remarks hold for the LES model of the SGS mixture-fraction
variance.

The volume-averaged LSS and SSS time scales in the CIJR
decrease with increasing Re; as shown in Figure 11. Consistent
with the dependence of the residence time in the CIJR on Re;,
1,55 scales like Rej_'. In contrast, 7ygg falls off at a faster rate,
but with a slope that depends on Re;. As anticipated in our
discussion of the scaling of Re; with Re;, the observed slope is
due to the fact that Cy increases with Re; (and, hence, with
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Figure 9. Profiles on the central plane of mixture-frac-
tion mean (A) and variance (B) for Re; = 400
predicted by the DQMOM-IEM model, and the
Reynolds-average transport equations at dif-
ferent Z-positions.

(See Figure 8 for location of Z.)
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Figure 10. Profiles on the central plane of mixture-frac-
tion variance for Re; = 400 predicted by the
DQMOM-IEM model, and the Reynolds-aver-
age transport equations with no dissipation
at different Z-positions. (See Figure 8 for lo-
cation of Z.)

Re)). It can be seen that in the range of jet Reynolds numbers
from 500 to 1,000, the micromixing time scales approximately
like Re; *? due to the Reynolds-number dependence of Ci.
Nevertheless, at jet Reynolds numbers greater than 1,000, C,,
approaches its high-Reynolds-number limiting value shown in
Figure 5, in which case the micromixing time scales like Re; L
In the literature, this change of slope has been referred to as a
transition from “micromixing” to “mesomixing”.!> Here we
interpret it instead as a low-Reynolds-number effect where for
Re; < 1,000 scalar spectrum has no inertial-convective sub-
range. Thus, if the change of shape of the scalar spectrum is
appropriately accounted for, we argue that the distinction be-
tween “micromixing” and “mesomixing” is unnecessary for
this flow. Instead, they can both be related to the scalar dissi-
pation rate (which is the accepted measure of molecular mixing
in the turbulent-mixing community!'-®) using the integral
method proposed by Corrsin.'3

Finally, note that due to the Re;-dependence of C, there
exists a crossover point in Figure 11 near Re; ~ 400 marking
a change from SSS-controlled mixing at low-Reynolds num-
bers to LSS-controlled mixing at high-Reynolds numbers. The
effect of this crossover is also observable in the DMP conver-
sion results shown later. On the basis of the turbulence theo-
ry,!! there is no fundamental reason to expect that 7yqg should
ever be larger than f, q5. Thus, the existence of a crossover
point can be interpreted as an indication that a low-Reynolds-
number (or Schmidt-number) correction is also needed for the
turbulent Schmidt number Sc; appearing in Eq. 17 (which
determines I'; and, hence, f; 35). From a chemical-reaction-
engineering perspective, operating at low-jet-Reynolds num-
bers should be avoided due to the relatively poor mixing
conditions. Nevertheless, from a CFD-modeling perspective it
would most likely be possible to improve the predictions for
low jet Reynolds numbers by resorting to large-eddy simula-
tions (LES), which resolve the large-scale eddies in the flow.
We, thus, note in passing that with suitable modifications to the
parameters,® the DQMOM-IEM model can be applied to model

740 February 2006 Vol. 52, No. 2

reactive mixing in the context of LES, and, thus, could easily
be implemented with the LES models available in Fluent 6.2.

Concentration fields

Representative distributions of the Reynolds-average species
(H", OH™ and DMP) are shown in Figure 12. When Re; = 400
and 7, = 61 ms, H" is consumed completely and little OH ™ is
left in the outflow. The concentration of DMP does not change
much outside of the reaction zone (defined quantitatively later).
For the CIJR experiments, no information about the local
concentration distributions is available. Thus, it would be use-
ful to validate these CFD predictions using local planar laser-
induced fluorescence (PLIF) measurements of an acid-base
reaction with a pH-sensitive dye.!®

DMP conversion

The conversion of DMP (Eq. 28) is shown in Figure 13 for
both the experiments' and the CFD simulations as a function of
the jet Reynolds number (Re;) and the characteristic reaction
time (¢). When 400 = Re; and ¢, = 9.5 ms, the simulation
results and the experimental measurements are in close agree-
ment. The conversion decreases when Re; increases, indicating
(as expected) that poor mixing favors the slow reaction. Once
Re; = 2000, X changes more slowly with Re; due to the creation
of the turbulent zone at the outlet to the CIJR seen in Figure 7.

For 7, < 9.5 ms, the experimental curves show higher con-
version (that is, poorer mixing) than the simulations. Because
the agreement for larger ¢, is good, and the species do not affect
the flow field, this anomaly cannot be assigned to a change in
the micromixing time. In order to test if the CFD code was
generating an anomalous upper limit, we set t, = 0, and
computed the dashed line at X = 0.85 appearing in Figure 13.
Although this is slightly lower than the theoretical limit X, .,
it is well above the experimental curve for ¢, = 4.8 ms. Thus,
the poor agreement cannot be assigned to the numerics used in
the CFD code. In their analysis of the data, Johnson and
Prud’homme! show that for 7, = 6.5 ms, the data do not follow
the expected experimental scaling law. We are, thus, inclined
to believe that other factors (such as incomplete reaction in the
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Figure 11. Dependence of volume-averaged time scales
on Re;.
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Figure 12. Reynolds-average species distributions for Re; = 400 and t, = 61 ms.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

CIJR as discussed later) are involved that cannot be captured in
the CFD model.

When Re; = 100 and 7, = 317 ms, the computed conversion
is much lower than the experimental value. This is due to the
fact that for Re; < 200, the flow has a turbulence Reynolds
number that is too low for the turbulence model to work
correctly. Indeed, as discussed earlier, the accuracy of the
micromixing parameter C,, and the turbulent diffusivity I'r
predicted by the standard k — & model at low jet Reynolds
numbers are questionable. Nevertheless, the combined k — &,
DQMOM-IEM model works satisfactorily when the flow is
more turbulent (that is, 200 = Re;).

By adding a polymer, the molecular viscosity of the inlet
streams was increased in the experiments to 0.0071 kg/m - s.
The conversion of DMP as a function of Re; is shown in Figure
14. Note that most of the experimental data are in the low to
very-low range of turbulence Reynolds numbers where (as
discussed earlier) we cannot expect good agreement. On the
other hand, for Re; = 200 the agreement is satisfactory. We
should stress, however, that for these data the Reynolds number
is so low that no inertial-convective subrange exists. For this

AR | L

el it t i
10' 107 10° 10*
ReJ

Figure 13. Conversion of DMP vs. Re; in the CIJR.

Open symbols: experiments. Closed symbols: simulations.
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reason, one cannot except to find for large Schmidt numbers
anything but viscous-convective scaling for the micromixing
time scale. Moreover, because the range of length scales in the
velocity field is very narrow, such low-Reynolds-number flows
have more in common with chaotic mixing?° than with high-
Reynolds-number turbulent mixing. In any case, if such low-
Reynolds-number flows in a CIJR were of technological inter-
est, they could be computed directly using direct-number
simulation for the velocity field!! and a subgrid-scale mixing
model (like DQMOM-IEM) for the scalar field.

Effect of outflow boundary location

The outlet conversions found when Re; = 400 and 7, = 4.8
ms using Domains A and B are 0.362 and 0.364, respectively.
The values for other Reynolds numbers are given in Table 4.
The differences between values at the same Reynolds number
are small and might lead one to assume that the outlet stream
is well mixed. However, this is not always the case. The effect
of K/ on the outflow concentration distributions when Re; =
400 and ¢, = 4.8 ms is shown in Figure 15. From this figure, it
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Figure 14. Effect of increased molecular viscosity on
DMP conversion for t, = 29.7 ms.
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Table 4. Effect of Outflow Boundary Location on Conversion for ¢, = 4.8 ms

Re; 100 200 400 500 600 800 1000
X (Domain A) 0.588 0.505 0.362 0.320 0.286 0.230 0.185
X (Domain B) 0.592 0.505 0.364 0.322 0.286 0.233 0.188
can clearly be seen that the mixture fractions in the two Fmix = frss T Tsss (44)

environments are not uniform across the outflow boundary,
indicating that the outlet streams are not completely mixed in
the CIJR when the Reynolds number and mixing rates are too
low. The reactions will, thus, continue (under poorly mixed
conditions!) after the outlet, and the conversion of DMP will
change before the collection point used in the experiments (that
is, the end of the outlet tube). This may be one reason why the
measured conversions are higher than the computed values for
t, < 9.5 ms in Figure 13. The effect of K/8 becomes weaker
as Re; increases due to creation of the turbulent zone at the
outlet of the CIJR (Figure 7), or as ¢, decreases, under which
conditions the reactions have less effect on the conversion. In
order to determine when the reaction zone extends into the
outlet of the CIJR, we have developed a method to visualize the
reaction and segregation zones described next.

Reaction and segregation zones

In the scaling theory developed by Johnson and
Prud’homme,' the zones in the CIJR where energy is dissipated
or “mesomixing” and reactions occur are required to complete
the scaling law. As noted by these authors, one of the advan-
tages of CFD is that such zones can easily be visualized and
studied, for example, as a function of the jet Reynolds number.
Of particular interest are the reaction zone (defined later), and
the zones with significant large-scale and small-scale segrega-
tion.

From Eq. 13, it can be seen that the second reaction only
occurs at spatial locations where

0= gl(xr t) = gsl or 0= §2(X7 t) = gsl

We will refer to such regions in the CIJR as the reaction zone
(RZ). Note that this definition of the reaction zone includes
regions where the second reaction is very slow (that is, & ~
&,1), and, hence, essentially negligible. In order to have a more

precise definition of the reaction zone, we can define a local
mixing time by

¥imm]

Yimm}

and a local Damkohler number using Eq. 13

Day,.(§) = tmixA0k2<l - ;) for0=§¢=¢§, (45)
s 1

and zero otherwise. Note from Figure 11 that the volume-
averaged local mixing time decreases from approximately 10
ms at Re; = 100 to approximately 0.3 ms at Re; = 2,000.

The local Damkohler number found from Eq. 45 is shown
for Re; = 400 and 1,000 with 7, = 4.8 ms in Figure 16. Because
& = &, only the Damkohler number in environment 1 is
shown. From this figure, we can observe that Da,,. = 1,
indicating that the mixing is relatively good at these Reynolds
numbers. Moreover, as expected, the Damkohler number de-
creases with increasing Reynolds number. We can also observe
that the bulk of the conversion occurs on the side of the CIJR
where the acid enters the reactor, and that this zone extends
along the entire height of the CIJR. Thus, relative to the
reaction time scales, macromixing is not particularly good in
this reactor, and bulk-scale segregation cannot be neglected
when modeling the CIJR.

In the reaction zone, the reactions are controlled by large-
scale segregation (LSS) alone if

<§IZ>LSS = and <§l2> <d,

where we define the cut-off standard deviation o to be the
distance in mixture-fraction space (see Figure 2) from the end
of reactions (&) to complete mixing (§)

o=§&—&,=0.0122.

Note that the exact choice of ¢ is not crucial: it just serves as
a cut-off point for defining regions in the flow field. An
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Figure 15. Distribution of the mixture fraction, reaction-progress variable, and DMP on the outflow surface for Re; =

400 and t, = 4.8 ms.

Top row: Domain A (K/8 = 1.62). Bottom row: Domain B (K/8 = 10). [Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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Figure 16. Profiles of the local Damkdhler number in
environment 1 for t, = 4.8 ms. A: Re; = 400. B:
Re; = 1,000.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

alternative representation of the LSS and SSS zones could be
found by using contour plots like the ones shown in Figure 8.

In the reaction zone, the reactions are controlled by small-
scale segregation (SSS) alone if

(EMss <0 and (&%) =,
or by both LSS and SSS if
(s =0 and (&%) =0

The distributions of the various reaction and mixing zones for
Re; = 400 and Re; = 1,000 are shown in Figure 17.

From this figure, we can observe that the volume of the
reaction zone decreases slightly when Re; increases, indicating
that the overall mixing process is faster. Nevertheless, the
reaction zone extends into the outlet tube since macromixing is
not complete (see Figure 12). On the axis of the inlet jets, the
reactions are controlled by both LSS and SSS. In contrast, the
region where the reactions are controlled only by SSS has the
form of a distorted torus around this axis. Note that the SSS-
controlled region shrinks with increasing Re; due to the in-
crease in C,,. Also note that there is no region where reactions
are controlled by LSS alone.

From the reaction zone in Figure 17 and from Figure 15, we
can observe that complete mixing at all scales is not achieved
in the CIJR (that is, &, is not larger than &, at all points on the
outlet surface). We can, therefore, conclude that although the
CIJR enables intense micromixing, the flow does not macromix
completely during its residence time in the reactor. In order to
avoid that the reaction zone extends beyond the CIJR, it would
suffice to separate more & from &,,. If equal flow rates are used
(thereby keeping the flow field unchanged and £ constant), this
can be done by making &, smaller (for example by increasing
B, or decreasing A). From the plots of &, in Figure 15, we can
observe that lowering &, to 0.470 would be sufficient to avoid
reactions in the outflow for Re; = 400. Another alternative
would be to make the outlet tube diameter smaller in order to
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decrease LSS at the outflow. This method has been investigated
experimentally.! A disadvantage of employing this method
would be an increase in the pressure drop across the CIJR.

Conclusions

The major conclusion that can be drawn from this work is
that a CFD model based on fundamental turbulent-transport
theory can accurately predict the experimental conversion data'
in the range of jet Reynolds numbers corresponding to turbu-
lent flow. We have also demonstrated that the method'? for
determining the micromixing time as a function of turbulent
Reynolds number and Schmidt number can be combined with
the model scalar spectrum® to accurately account for the Reyn-
olds- and Schmidt-number effects present at low-jet Reynolds
numbers. Thus, when combined with accurate chemical-rate
expressions, the CFD model used in this work should be
adequate for design and scaleup of CIJRs for other processes.

The secondary conclusions pertain to the particular CIJR
used in the CFD simulations. These conclusions are as follows:

1. Although the mixing times are short, the turbulent flow in
the CIJR is not fully developed for the jet Reynolds numbers
used in the experiments. It is, thus, crucial to account for
Reynolds- and Schmidt-number effects on the micromixing
time scale.

2. Low-Reynolds-number effects are responsible for the ex-
perimentally observed Kolmogorov scaling of the micromixing
time. At higher jet Reynolds numbers, inertial-range scaling is
observed in accordance with turbulent-mixing theory.

3. Despite rapid mixing, the outlet stream is not completely
mixed. Thus, because the reactant concentrations (that is, &;,.)
were chosen such that conversion continues to increase nearly
up to the point of complete mixing, the reaction zone extends
into the outlet tube. As pointed out in the discussion, this can
be avoided in future experimental studies by lowering &,.

Finally, because the experimental data were limited to over-
all conversion, it was not possible to validate the local turbu-
lence and concentration fields predicted by the CFD model. We
would thus recommend that future experimental studies of the
CIJR include PIV and PLIF measurements of the local velocity
and scalar fields. As shown elsewhere'® for a confined planar-
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Figure 17. Distribution of the reaction (RZ) and segrega-
tion (LSS, SSS) zones for (A) Re; = 400 and (B)
Re; = 1,000.
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jet reactor, these data would be extremely valuable for validat-

ing

the turbulence and scalar-mixing models used in the CFD

simulations.
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