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ABSTRACT

The influence of convective turbulence on chemical reactions in the atmospheric boundary layer is studied
by means of direct numerical simulation (DNS). An archetype of turbulent reacting flows is used to study the
reaction zones and to obtain a description of the turbulent control of chemical reactions. Several simulations
are carried out and classified using a turbulent Damkohler number and a Kolmogorov Damkdhler number. Using
a classification based on these numbers, it is shown that it is possible to represent and to solve adequately all
relevant scales of turbulence and chemistry by means of DNS. The simulations show clearly that the reaction
zones are located near the boundaries where the species are introduced. At the lower boundary of the convective
boundary layer, the reaction takes place predominantly in the core of the updrafts, whereas in the upper part of
the domain the chemical reaction is greatest in the center of the downdrafts. In the bulk of the boundary layer
the chemical reaction proceeds very slowly, due to the almost complete segregation of the chemical species.
From the point of view of chemistry, the mixing across the interface between updrafts and downdrafts in the
bulk of the convective boundary layer plays only a minor role.

The amount of chemical reaction in relation to the degree of turbulence is quantified by the introduction of
an effective Damkohler number. This dimensionless number explicitly takes into account the reduction of the
reaction rate due to the segregation of the chemical species. It is shown that the number approaches an asymptotic
value that is O(1) for increasingly fast reaction rates. This shows explicitly that the timescale of the chemical
reactions is limited by the integral turbulent timescale. It is suggested how a parameterization could be used to
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include this effect into one-dimensional atmospheric models.

1. Introduction

The convective boundary layer (CBL) in the atmo-
sphere is a chemical environment in which the chemical
species are not well mixed. This is unlike a chemical
reaction chamber in which all species are homogeneous-
ly mixed. The turbulent structure of the CBL can be
characterized by narrow and vigorous upward motions
combined with wide and slow downward motions (Len-
schow and Stephans 1980; Moeng and Wyngaard 1984).
Compounds emitted at the surface or entrained at the
top of the CBL are transported by these updrafts and
downdrafts. With regard to passive scalars, several stud-
ies (Wyngaard and Brost 1984; Chatfield and Brost
1987; Piper et al. 1995) have shown the importance of
taking the turbulent characteristics of the CBL into ac-
count, particularly the differences between transport of
scalars by the updrafts and by the downdrafts.
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An archetypical case has been widely studied. This
case is the top-down (bottom-up) diffusion of a scalar:
a scalar is emitted at the upper (lower) boundary and
its flux at the opposite boundary is assumed to be zero.
The emitted compound at the lower boundary is trans-
ported initially by updrafts and the compound emitted
at the upper boundary initially by downdrafts. As a
consequence, both compounds are segregated and the
covariance between the concentrations of the two com-
pounds will be negative. Aircraft measurements of tem-
perature and moisture (considering these two variables
as scalars), as analyzed by Wyngaard et al. (1978), con-
firmed this behavior.

The inhomogeneity of the CBL and therefore the seg-
regation of the chemical compounds play a key role if
the compounds react with a second- or higher-order
chemical reaction. A similar feature can be found in
other studies of turbulent reacting flows (Libby and Wil-
liams 1980; Galperin and Orszag 1993). It is essential
to represent the actual chemical reaction rate correctly
in order to obtain accurate values of the concentration
of the product species. These product species initiate a
chemical reaction chain composed either of first-order
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chemical reactions (which are triggered by UV radia-
tion, and therefore their highest chemical reaction rates
occur under convective conditions) or of second-order
chemical reactions (Seinfeld 1986). Segregation of spe-
cies is represented in the ensemble average of the con-
servation equation of chemical species by the concen-
tration covariance term (Donaldson and Hilst 1972).
When the timescale of turbulence is comparable to the
timescale of chemistry—that is, a moderate chemistry
regime—the covariance is of the same order of mag-
nitude as the product of the ensemble averaged con-
centrations. In the atmospheric CBL, species that react
in this regime are the nitrogen oxides and ozone (Dennis
et al. 1996). The case of bottom-up and top-down dif-
fusion of two chemically reactive species has been stud-
ied previously by Schumann (1989) and Sykes et al.
(1994) using the large eddy simulation (L ES) technique.
All these studies included a detailed analysis of this
turbulent reacting flow in the CBL. Schumann (1989)
described the main features of the flow and calculated
profiles of the concentration covariance. He introduced
the two dimensionless numbers that characterized the
flow: a turbulent Damkohler number (the ratio of the
integral turbulent timescale to the chemical reaction
timescale) and the ratio of the entrainment flux to the
emission flux of the two chemical species. In our study,
an extra dimensionless number, the Kolmogorov Dam-
kohler number, has been added to the numbers men-
tioned above to classify the turbulent reacting flows.
This number is the ratio of the Kolmogorov timescale
to the chemical timescale (Bilger 1980). Hence, the mix-
ing of the largest scales that are present in the flow is
represented by the turbulent Damkohler number and the
Kolmogorov Damkohler number characterizes the
smallest mixing scales. A classification of turbulent re-
acting flowsis given asafunction of the two Damkohler
numbers.

Sykes et al. (1994) used results of an LES to propose
several third-order closure models that are necessary to
close the second-order equations for the covariance be-
tween two chemically reactive species. B96 presented
the budget analysis of the concentration fluxes and the
concentration covariances of the chemical species. An-
alyzing the second-order moments of these variables,
they conclude that the chemical terms of these equations
cannot be neglected.

All of the above-mentioned studies state that the
amount of turbulence avail able determines the chemical
reaction rates. In other words, the chemical reaction rate
depends on the ability of the turbulent flow to bring the
two chemical species together. However, to our knowl-
edge, this turbulence control has never been studied
quantitatively as a function of the Damkohler numbers.
In the work to follow, we will quantify this control of
the turbulence by defining and calculating a chemical
reaction rate that includes the effect of turbulence.
Moreover, we will give special attention to the location
of the reaction zones and to the amount of reaction that
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takes place in the updrafts and in the downdrafts, using
conditional averaging.

We will consider an idealized turbulent reacting flow
in abuoyancy-driven boundary layer. Thisflow hasbeen
simulated using a direct numerical simulation (DNS).
Our study was inspired by the work of (Moeng and
Rotunno 1990) where a similar tool was used to explain
the disagreement between vertical velocity skewnessob-
servations and LES results. In Herring and Wyngaard
(1987), a DNS was also used to study chemical species
that react with a first-order chemical reaction in the
CBL.

The advantage of a DNS over an LES is that all the
scales of the flow are solved explicitly and consequently
no assumptions have to be made about the subgrid con-
tributions of the chemical reactions (Colenman et al.
1990). The fact that all scales have to be resolved ex-
plicitly means of course that the Reynolds number Re
of the simulated flow is restricted to relatively low val-
ues. However, in the Reynolds number similarity regime
the properties of turbulent flows are independent of the
Reynolds number (Tennekes and Lumley 1973). We be-
lievethat our simulated flow isin thisasymptotic regime
and hence the results obtained here can be applied to
the CBL in a straightforward way (Moeng and Rotunno
1990).

In this paper, the flux at the lower boundary of one
of the speciesis equal to the flux at the upper boundary
of the other species. As a result, after a certain time, a
balance will be achieved between the input of chemical
species and chemical reaction. At this time the volume-
averaged concentrations of the two chemical species
reach a quasi-steady state. An effective turbulent Dam-
kohler number based on the volume-averaged concen-
trations and their intensity of segregation in the steady
state will be defined. This effective Damkohler number
explicitly takes into account the effect of turbulence on
the chemical reaction.

The numerical model used is described in section 2.
In section 3 the main characteristics of the flow are
described. An analysis of the reaction zones, classified
according to the two Damkohler numbers, is presented
in section 4. In section 5, the turbulent control of chem-
ical reactions in the CBL is studied and a parameter-
ization that takes this control into account is proposed.
Section 6 summarizes the most important conclusions.

2. Problem formulation

Consider a three-dimensional incompressible fluid,
with constant kinematic viscosity v and diffusivity of
heat « in arectangular box of aspect ratio A,, A, (ratio
of the two horizontal extensions L and W to height H).
At the bottom of the fluid a constant heat flux F, is
prescribed, which heats the layer from below.

The governing equations are made nondimensional
by using the following scades. H, H?/k, «/H, and HF /«



570

for length, time, velocity, and temperature, respectively.
If the velocity isu = (u, v, w) and the (potential) tem-
perature is T, assuming the Boussinesq approximation
and a linear equation of state, the dimensionless gov-
erning equations read

d

pr1<3_LtJ + u.Vu) = —Vp + V2u + eRaT (1)
aT
E + u-VT = VZT, (1C)

where Pr is the Prandtl number, Ra the flux Rayleigh
number, and e, the unit vector in the vertical direction.
Two chemically reactive species A, B areintroduced into
this fluid, each with the same molecular diffusivity k..
Species A is emitted from the bottom boundary with a
constant flux F, and aflux F; is specified at the top for
species B. Here, F, will be positive and F; will be
negative representing an input of each species at the
respective boundaries.

The species react with a second-order isothermal ir-
reversible binary reaction at a reaction coefficient rate
k. The conservation equations for the two species are
made nondimensional using the above-mentioned scales
and the two concentration scales are defined as HF ,/ k¢
and HFg/k.. The equations then read

oC,

—£+ UVC, = —nDa,C,C; + LeV2C,  (23)
aCy -1V72

where C,, C; are the dimensionless concentrations of
species A, B. Here Da, isadiffusive Damkohler number,
nisthe flux ratio (Fgz/F,), and Le is the Lewis number
for both species. These dimensionless numbers are de-
fined as

gaHF v kH3F
Ra = e+ P ba=T0
C
Le = Ki 3
(o}

where « is the expansion coefficient for temperature.

Periodic boundary conditions are prescribed in the
horizontal. At the upper and lower boundaries stress-
free conditions are prescribed for the velocity field. The
dimensionless boundary conditions for the temperature
and the chemical species at the upper and lower bound-
aries are

oT aC aC

z=0 —=1 =1 —=0 (4
0z 0z 0z
oT aoC aoC

z=1 —=0 —2=0  —=-1. (4b)
0z 0z 0z
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Using these boundary conditions we simulate the case
of the bottom-up diffusion of species C, and the top-
down diffusion of species Cs.

Numerical methods

Equations (1) and (2) are discretized on an equidistant
staggered grid. The discretized momentum equations
together with the boundary conditions constitute a set
of (coupled) ordinary differential equations of the form

du; ;
dt

fori=1,...,Nj=1,...,Mjandk =1, ..., L.
In Eqg. (9), F;, contains the (discretized) advective, dif-
fusive, and buoyancy terms from Eq. (1b). This set of
equations is integrated in time using an Adams-Bash-
forth method (second-order accurate in time), which
reads

= —Vpi,j,k + Fi,j,k(u’ T) (5)

3
uric = uf + At(E(Fin,j,k - Vpio

1 -1 n—1
- E(Fi,j,k Vpi,j,k))' (6)

Taking the divergence of (6) yields
Drt = Dp. + At 3 Rr Vzpp
ijk — Hijk 5( gk pi,j,k)

1
- E(Rﬂ;& - Vzpﬂj,ﬁ)>, (7)

whereD = V-u and R = V-F. In this case the pressure
term acts as a constraint that ensures that the flow will
remain divergence free. To calculate the pressure at ev-
ery time step, we rearrange (7) and demand that

Dijk =0

2 1
VPl = gDn,-,ﬁAt(Rm,k— 3 (Rui— Vepr ) ®)
At time n al the terms on the right-hand side of (8) are
known, so we can solve for pr,. In the horizontal di-
rections, periodicity is assumed. Boundary conditions
atz= 0, 1for (8) are found using (1b) and using the
fact that at the upper and lower boundary w = 0. Asa
consequence, these boundary conditions for (8) can be
written thus:

op 92w

z=0 1 — =

Dueto the central differences schemes, small negative
concentrations may develop because of numerical errors
especially when there are steep gradients in the con-
centration. Following Riley et a. (1986), negative val-
ues of reactant concentrations were set to zero at regular
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intervals during the simulations. As a check for suffi-
cient accuracy, the volume-integrated budgets for the
chemical species were calculated. These budgets were
found to be correct within 0.1% during all simulations.

3. Flow characteristics

In al the simulations, the following nondimensional
numbers characterize the flow: Ra, = 107, Pr = 1, and
Le = 1. The domain was defined by the aspect ratio A,
= A, = 4. As ameasure of the smallest relevant scales
in the flow, the Kolmogorov length scale n* =
(ve/e*)v4 (from now on * denotes a dimensional de-
pendent quantity) is used (Tennekes and Lumley 1973)
where €* is the dissipation of turbulent kinetic energy.
The dissipation is assumed to be constant over the do-
main and can be estimated by assuming that the dissi-
pation term is equal to the production term that repre-
sents the buoyancy forcesin the turbulent kinetic energy
equation. Therefore,

€& = gaw*T*. (10)

Using the Kolmogorov length scale and expression (10),
one can establish a relation between the intensity of the
turbulent flow (characterized by the flux Rayleigh num-
ber) and the smallest scale of the flow that contains
energy. Using the nondimensional scales defined in sec-
tion 2 and approximating w* T* by the heat flux F,, the
following relation is found:

n = (URa)™, (11)

where 1 is now a dimensionless Kolmogorov length.
Following Grotzbach (1983), we may use 1 as an es-
timate of the minimum grid width A necessary to resolve
all relevant scales of the simulated variables. This con-
dition is expressed as

A = . (12

The numerical resolution used was (64 X 64 X 64) grid
points, which is just sufficient to resolve all horizontal
scales. We performed one test run at a higher horizontal
resolution (128 X 128 X 64) and found that all large-
scale features of the flow were solved to within 1%
accuracy using a 642 grid. The time step used for time
integration was 10-5.

In all the simulations, the parametersthat characterize
the flow are kept invariant and only the chemical re-
action rate is varied—that is, the diffusive Damkohler
number is changed. The convective velocity scale for
the simulations is determined by the driving heat flux
and it is defined asw* = (HgaF,)¥? (Deardorff 1972).
The dimensionless convective velocity w, =
(RaPr)¥3, for Ra, = 107 (all simulations) is equa to
215. This setting of the parameters may be applied to
many corresponding dimensional situations. Table 1
lists dimensional quantities that correspond to this pa-
rameter setting if we apply the result to a typical at-
mospheric convective boundary layer. Note that since
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TaBLE 1. Corresponding dimensional quantitiesfor an application
to an atmospheric convective boundary layer. Here K, and K, are
(constant) subgrid diffusivities for heat and momentum, respectively.
The value of F, corresponds with a heat flux of 120 W m-2.
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the reaction rate k and the flux of the chemical species
F , appear together as a product in the definition of the
control parameter Da, varying the fluxes of the chemical
species is equivalent to varying the reaction rate.

All nondimensional velocity statistics presented will
be scaled using w*. Figure 1 shows the vertical profile
of the velocity variances and the flux of vertical velocity.
These variables are horizontally averaged over the do-
main (denoted by an overbar). The results obtained com-
pare well with results obtained previously using large
eddy simulations (Moeng 1984), direct numerical sim-
ulations (Moeng and Rotunno 1990), and laboratory ex-
periments (Deardorff and Willis 1967). The main dif-
ference is that the horizontal velocity variances are not
zero at the horizontal boundaries, due to the different
(stress-free) boundary conditions prescribed in the sim-
ulations used here. We believe that this difference in
boundary conditions will have only a minor quantitative
effect on volume-averaged properties in convectively
driven flows, which will be even smaller for flows with
ahigher Rayleigh number sincethe flow is affected only
by the different boundary conditions in the thin bound-
ary layers near the wallsthat will become even narrower
if the Rayleigh number is increased.

Figure 2 shows spectra of the horizontal and vertical
velocity components v and w and the chemical reaction
term. The velocity spectra are normalized using the ve-
locity scalew? and the spectrum of the reaction product
is normalized using the concentration scale (C,) where
() denotes a volume average. All normalized spectra
are now O(1). All spectra were obtained by averaging
1D spectra in the x direction over the whole domain.
The resulting spectra were also averaged in time over
aconvective timescale. Figure 2a showsthat all velocity
scales are resolved to within the dissipative range. An
inertial subrange dividing production scales and dissi-
pating scales is not clearly established, which isin ac-
cordance with previous studies (Grotzbach 1982; Her-
ring and Wyngaard 1987). Figure 2b shows that the
spectrum of the covariance between the two species
decays according to k-23. The test run (not plotted) at
a higher resolution shows that this power spectrum
should fall off slightly faster (like the power spectra of
the velocities components) and that the resolution used
is only just sufficient. However, the larger scales and
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Fic. 1. Vertical profiles of (a) the dimensionless velocity variances
and (b) the dimensionless flux of vertical-velocity variance.

the horizontally averaged or volume-averaged quantities
related to the chemical species did not change signifi-
cantly.

If the flow is within the turbulent regime (as is the
flow considered here), the characteristics of the flow
become independent of the Reynolds number of the
flow. Therefore, we may apply the results of the sim-
ulations presented in this paper to flows with a much
higher Reynolds number, such as the atmospheric CBL.
This is also confirmed by a direct comparison between
some of the results presented here and an LES of the
CBL (Betts et al. 1996). If we use the simulations pre-
sented to represent the CBL this is equivalent to using
an LES with a very simple subgrid model; that is, con-
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FiG. 2. (d) One-dimensional power spectra of horizontal (v) and
vertical velocity fluctuations (w) and (b) 1D spectrum of covariance
between both chemical species (simulation 4). Spectra have been
averaged in space and time.

stant eddy diffusivity coefficients. We have chosen to
use a numerical model without intricate subgrid-scale
parameterization in order not to cloud any of the physics
present in the interaction between turbulence and chem-
istry.

4. Reaction zones

As stated before, chemical species are not perfectly
mixed in the CBL. It is therefore important to determine
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in which zones of the convective boundary layer the
reaction takes place. To classify the various numerical
simulations, two dimensionless numbers are introduced.
One is the turbulent Damkohler number Da,, which is
the ratio of the integral turbulent timescale to the chem-
ical reaction timescale and is defined as
H

Da, W k(C*), (13)
where (C*) is the (dimensional) volume-averaged con-
centration of one of the species in steady state. This
number accounts for the mixing yield produced by the
large eddies. The chemical reaction timescale is esti-
mated here using the volume-averaged concentration of
the species. This definition differs from the one pro-
posed by Schumann (1989), where the concentration is
scaled using the emission flux. The definition proposed
here is based on the actual concentration and conse-
quently it is a better representation of the true chemical
reaction timescale. The other number isthe Kolmogorov
Damkohler number Da,, which is the ratio of the Kol-
mogorov timescale to the chemical reaction timescale
and is defined as

v (172)

Da, = (E—*> k(C*). (14)
This dimensionless number relates the mixing activity
of the smallest energy containing turbulent scales to the
chemical reaction rate. Using these two Damkohler
numbers, a complete classification of turbulent reacting
flows can be established that embraces all the relevant
scales. On the basis of these two numbers, Bilger (1980)
introduced the following classification of turbulent re-
acting flows:

Da,x1 slow chemistry,

Da, < 1 < Da, moderate chemistry,

Da, > 1 fast chemistry.

Slow chemistry impliesthat the chemistry isslower than
theintegral timescale of turbulence. M oderate chemistry
means here that the chemistry timescale is shorter than
the integral timescale but longer than the Kolmogorov
timescale of the flow. Fast chemistry finally signifies a
chemical timescale that is shorter than the Kolmogorov
timescale—that is, combustion processes. To our knowl-
edge this classification has not been applied to turbulent
reacting flows under convective conditions.

Theratio of the flux at the lower boundary of species
A to the flux of species B at the upper boundary (n) is
set to —1 for all the simulations; this ratio corresponds
to equal but opposite fluxes of the two chemical spe-
cies. The initial concentrations of the two chemical
species are set to zero and consequently the species
are not premixed. If the fluxes are equal, the volume-
averaged concentrations of the chemical species will
reach a quasi-steady state after a few turbulent time-
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TABLE 2. Summary of the numerical simulations. The only vary-
ing control parameter is Da,; al other quantities are derived from
the quasi-steady state that is reached after a few convective time-
scales.

Simula-
tion Da, <C> Da, Da, <l> Da,
1 4610°  0.016 034 0023 -015 0.29
2 9.210°  0.012 053 0.036 —030 0.37
3 2310* 0.010 1.07 0073 —-057 0.46
4 4.6 10  0.008 171 0117 -066 058
5 1.210° 0.006 380 0259 —-0.83 0.65
6 2.810°  0.006 809 0552 —-091 0.73
7 4610° 0.006 1327 0904 -094 0.75

scales. Moreover, if the prescribed fluxes and the initial
concentrations of the species are equal, it is evident
that the volume-averaged concentrations of both spe-
cies(C,) and (C;) will be equal at all times. Therefore,
only one turbulent Damkohler number and one Kol-
mogorov Damkohler number are necessary to char-
acterize the various simulations. Table 2 summarizes
the results obtained in the numerical simulationswhere
only Da, is varied and all other parameters specified
in (3) are kept constant (I, and Da, will be defined
later). As can be seen from the table, the simulations
ranged from the slow chemistry regime to the moderate
chemistry regime. For all the simulations Da, < 1 and
if Le = 1, as in the present case, the length scales
associated with the chemical reaction are alwayslarger
than the Kolmogorov length scales and are therefore
explicitly calculated in the simulations. The range of
the numerical experiments was selected in order to an-
alyze the effect of the intensity of turbulence on the
amount of chemical reaction as a function of Da,. The
range of Da, and Da, isrepresentative for certain chem-
ical reactions in the atmospheric convective boundary
layer (Seinfeld 1986; Stockwell 1995; Dennis et al.
1996).

Figure 3a shows the concentration profiles of both
speciesfor Da, = 4.6 X 104. These profilesaretypical
for all the numerical experiments. Although the trans-
port of both speciesis asymmetric, the resulting mean
concentration profiles are only slightly asymmetric.
This is in agreement with the horizontally averaged
concentration profiles for passive tracers presented by
Wyngaard and Brost (1984) and for chemically re-
active species found by Schumann (1989). As can be
seen from the figure, sharp concentration gradients
are present at the bottom and top of the boundary
layer where the two species are introduced. The flux
profiles of the bottom-up species and top-down spe-
cies are shown in Fig. 3b. In the absence of chemical
reactions, the flux profile is linear. The flux profiles
of the chemical species become strongly nonlinear
when chemical reactions are present. From the figure
it is clear that the nonlinearity of the flux profiles is
most pronounced near the lower and upper boundaries
where most of the chemical reaction takes place.
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FiG. 3. Vertical profiles (Da, = 4.6 X 10%) of (&) the dimensionless horizontally averaged concentration of chemical species and (b) the
dimensionless total vertical flux of the chemical species.

These flux profiles are similar to those calculated by
Gao and Wesley (1994) using a one-dimensional mod-
el for a neutral atmospheric boundary layer that in-
cluded chemistry.

To show in which part of the boundary layer the
chemical reaction takes place, three horizontal cross
sections of the reaction product kC,C, are depicted in
Fig. 4 for the simulation in which Da; = 4.6 X 104.
In al cross sections the values are scaled with their
absolute maximum value. In Fig. 4a it is shown that
at z = 0.1, near the lower boundary, the reaction takes
place in the core of the updraft, whereas near the top
at z = 0.9 (Fig. 4c), the reaction occurs in the down-
draft. Note that the maximum value of the reaction
product for z = 0.5 is about one order of magnitude
smaller than the maximum valuesfor z= 0.1 and z =
0.9. So, in the bulk of the boundary layer, the reaction
rate is close to zero, due to the ailmost complete seg-
regation of chemical species. Consequently, the role of
the mixing across the interface between the updrafts
and downdrafts is not important. Therefore, from the
point of view of chemistry, lateral horizontal mixing
is important near the lower and upper boundaries, in
those regions where the chemical species are intro-
duced, and plays only a minor role in the bulk of the
boundary layer.

For larger Damkohler numbers, the same features
have been observed, but the reaction zones are hor-
izontally narrower and closer to the lower and upper
boundaries. This physical description shows that the
separated transport of species A and B (Wyngaard and
Weil 1991; Schumann 1993) strongly influences the
performance of chemical reactions. An analysis of the

second-order moment equations for chemical species
clearly shows the necessity of introducing the chem-
ical terms into these equations and the dependence of
these terms on the Damkohler numbers and the flux
ratio (Vila-Guerau de Arellano et al. 1995).

In order to quantify how the chemical reaction is
distributed over updrafts and downdrafts, the vertical
profile of the area fraction of the reaction product is
shown in Fig. 5. These area fractions are defined as

_ [CACB] up
Ao T ICCaa + [CClmm
Adcywn — [CACB] down (15b)

[CACB] up + [CACB] down ,

where the sguare brackets signify a horizontal integral,
either over the updrafts (defined by a positive vertical
velocity) or over the downdrafts. For all the cases an-
alyzed, around 70% of the chemical reaction occursin
the updrafts in the lower 10% of the domain. This be-
havior is reversed in the upper boundary; there most of
the chemical reaction takes place in the downdrafts
(around 80%).

5. Chemical reaction rate limited by turbulence

The amount of chemical reaction is determined by
the ability of turbulence to bring the species together
(Donaldson and Hilst 1972). In any situation where the
chemical components are not premixed but introduced
at opposite boundaries, as studied here, the reaction
rate will be slower than when both species are perfectly
mixed. This can be seen clearly from the horizontally
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averaged conservation equation for the chemical spe-
cies A (a similar equation holds for species B):

0Ca , O = . s

E + a—Z(WCA + WCA>

S 92C,
= —nDa,(1 + I )C,C, + Let azzA’

(16)

where the overbar signifies a horizontal average and the
prime signifies a deviation from this average. In Eq.
(16) the intensity of segregation | appears (Danckwerts
1952), which is defined as
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FiG. 4. Horizontal cross sections of the vertical velocity (w) and
reaction rate C,Cg. The reaction rate has been scaled with the max-
imum of the reaction rate C,Cg,.. Positive values of the vertical
velocity are upward motions. The light (dark) shades indicate max-
imum (minimum) chemical reaction (Da, = 4.6 X 10%): (a) z = 0.1,
CaComex = 1.7 X 10°%; (b) Z = 0.5, CoCye = 3.4 X 105 (C) z =
0.9 C,Cqp = 1.3 X 104

C.Cs
* GG

(17)

where C,C; is the horizontally averaged covariance.
Here I, = 0 implies that the covariance is zero and
consequently turbulence has mixed the two chemical
species perfectly. When the species are completely seg-
regated, the intensity of segregation will have alimiting
value |, = —1 and the reaction will be confined to an
infinitely thin zone. A positive covariance would mean
an increased reaction rate compared to the perfectly
mixed case. In the situation studied here where both
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FiGc. 5. Vertical profile of the area fraction of chemical reaction
(Dgy = 4.6 X 10%).

species are introduced at opposite boundaries, the in-
tensity of segregation is always negative.

Schumann (1989) was the first to calculate | for the
CBL, using an LES. In his study, he found that |, clearly
depends on the Damkohler number and the flux ratio n.
Only if the fluxes of the two species are equal will the
intensity of segregation reach a quasi-steady state. If the
fluxes are not equal, I, will be time dependent since it
depends on the actual averaged concentrations of the
two chemical species. In spite of this disadvantage (the
correlation coefficient could be another variable that in-
dicates the mixing state of chemical species), I, is still
the variable that has to be parameterized sinceit appears
explicitly in the horizontally averaged conservation
equations of chemical species (16). Figure 6 shows the
intensity of segregation as a function of height for three
different Damkohler numbers. All the profiles are sim-
ilar in shape; smaller (negative) values at the reaction
zones near the boundaries and larger (negative) values
in the bulk of the CBL indicating an increasing segre-
gation of the species in the bulk. As the segregation
becomes more complete with height an extreme value
for I isfound around z = 0.9 (with a possible exception
for the case with the fastest chemistry Da, = 4.6 X 10°
where an extremal value is difficult to define) in agree-
ment with Schumann (1989), who also found the largest
(negative) value of |, near the upper boundary. Although
different boundary conditions were applied at the top
of the domain, for the case Da, = 1 and n = —1, Schu-
mann (1989) obtained a minimum value around z = 0.9
(see Fig. 13 in his paper). From Fig. 6 it is clear that
for the largest Damkdhler number (Da = 13.27) the
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Fic. 6. Vertical profile of the intensity of segregation [Eq. (21)]:
solid line, Da, = 4.6 X 103; dashed line, Da, = 4.6 X 10%; dotted
line, Day = 4.6 X 10°.

intensity of segregation away from the boundaries is
close to —1.0, indicating an almost complete segrega-
tion of chemical species, which means that chemical
reaction is almost absent.

To quantify the limitation of chemical reactions by
turbulence, the volume-averaged conservation equation
for the chemical species is introduced, which follows
in a straightforward way from (2):

ot —nDay(1 + |§>)<CA><CB> + Let,

(18)
where () indicates a volume average. The volume in-
tensity of segregation ¢’ is defined as

o _ (cicy)
T (Ca(Cy)’

where (C,Cyg) is now the volume-averaged covariance.
Note that a prime now indicates a deviation from the
volume-averaged quantities. Now an effective reaction
rate k, and an effective Damkohler number can be in-
troduced that quantify the effect of the intensity of seg-
regation:

(19)

k.= k(1 + 19) (20a)

H
Da, =Da(1 + 19) = —k{(C*). (20b)
The ratio of Da, and Da, indicates the reduction of the
reaction rate due to the segregation of the chemical spe-
cies. The limiting effect of turbulence on chemical re-
actionsis studied by comparing the effective Damkohler
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Fic. 7. Turbulent Damkohler number vs effective Damkohler number.

number to the turbulent Damkohler number (Fig. 7).
For values of Da, larger that 8, Da, approaches an as-
ymptotic value of around 0.8, signifying a chemical re-
action timescale that is of the same order as the integral
turbulent timescale. In other words, in situations such
as studied here, the chemical reaction timescale has a
lower limit that is defined by the timescal e of turbulence.
The results shown in Fig. 7 confirm the necessity to
parameterize the influence of the segregation of chem-
ical specieson chemical reactionsunder convective con-
ditions in atmospheric chemistry models. Clearly, in-
stead of proceeding at the rate that is given by Da,, the
reaction proceeds at slower timescale that is indicated
by Da,. For instance, at Da, = 1 the ratio Da/Da, =
0.3, indicating a reaction rate that is only 30% of the
expected reaction rate in conditions where the species
are perfectly mixed. Figure 8 shows the |, as a function
of the Da, and z calculated for a flux ratio n = —1.
Effective chemical reaction rates can be calculated if
one has an estimate of the turbulent Damkohler number.
For the application to one-dimensional models with a
more complex chemistry, lookup tables based on similar
figures as Fig. 8 could be be used to obtain an indication
of how chemical reaction rates should eventualy be
corrected. To get an indication of what of atmospheric
reaction rates should be corrected due to segregation of
the species, we have to consider the integral timescale
of turbulencein the atmospheric CBL, whichistypically
of the order of 15 min. Consequently, chemical reactions
as discussed here that have a reaction rate with asimilar
or smaller timescale should be adjusted accordingly.
More detailed descriptions of the effects of segre-
gation of chemical speciesin the CBL can be based on
models that are similar to the ones developed by Chat-
field and Brost (1987) and Randall et al. (1992), where
the main features of the CBL are taken into account.

MOLEMAKERAND VILA-GUERAU bE ARELLANO

577

1.0F

0.8
0.6
0.4/

0.2}

In(Day)

Fic. 8. Intensity of segregation as a function of the turbulent Dam-
kohler number and height.

6. Conclusions

A direct numerical simulation is used to study the
effect of a convective turbulent flow on chemical re-
actions in an archetypical situation. In all simulations,
the characteristics of the flow are kept constant. Two
reactive species are introduced in this convectively driv-
en flow, simulating abottom-up and top-down diffusion.
The chemical species react with an isothermal second-
order chemical reaction. The fluxes of the two species
are equal and therefore the volume-averaged concen-
tration of the chemical species reaches a quasi-steady
state when the sink due to the reaction equals the source
at the boundaries.

Various simulations are carried out for a range of
chemical reaction rates. To classify the turbulent react-
ing flow, two Damkohler numbers are defined. The first
accounts for the influence of large eddies on the chem-
ical reactions, that is, the turbulent Damkohler number
Da,. The second relates the smallest turbulent scales,
characterized by the Kolmogorov timescaleto the chem-
ical reaction timescale: the Kolmogorov Damkohler
number Da,. According to this classification, all our
simulations are in the regimes of slow and moderate
chemistry, where one should expect thelargest influence
of turbulence on chemical reactions. In all the simula-
tions performed, the Kolmogorov Damkohler number
was less than 1; therefore, the smallest chemical scales
are always larger than the smallest (Kolmogorov) scales
of the flow. As a conseguence, all the relevant scales
of the turbulent reacting flows are taking into account.

The results show that the reaction zones are located
close to the areas where the species are introduced.
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Thus, at the bottom of the domain around 70% (max-
imum value) of the reaction occurs in the core of the
updrafts. A slightly higher percentage (maximum value
of 80%) is found at the top, but now located in the
downdrafts. In the bulk of the CBL the species are al-
most completely segregated for values of Da, = O(1)
or larger. This effect is quantified by the intensity of
segregation (I.), which depends strongly on the turbu-
lent Damkodhler number. The minimum values of |, are
found in the bulk (ranging from —0.15 for the lowest
Damkohler number to —0.95 for the highest Damkohler
number). In the CBL bulk, chemical reaction islocated
at the interface between the updraft and the downdraft.
However, the amount of reaction at the interface in the
bulk is lower than the amount of reaction at the bottom
and top of the CBL. The reason is that the horizontal
entrainment between up- and downdrafts is much larger
at the two boundaries. An adequate representation of
the regions near the horizontal boundaries is funda-
mental to cal culate the concentration distribution of spe-
cies in the CBL.

The way in which the turbulence controls chemical
reactions is quantified by introducing an effective Dam-
kohler number. In this dimensionless number, the tur-
bulent characteristics of the CBL are taken into account
by introducing the intensity of segregation. The effec-
tive Damkohler number has an asymptotic behavior for
values of the turbulent Damkdhler number larger than
8, with an asymptotic value of about 0.8. In other words,
chemical reactions that are categorized as fast when
measured under homogeneous laboratory conditions are
limited by the turbulent characteristics of the CBL due
to incomplete mixing. Consequently, under such con-
ditions, these reactions will proceed at a slower reaction
rate. The introduction of the effective reaction rate k,
(or Da,) into global or regional models that simulate
atmospheric chemistry and assume species to be per-
fectly mixed within a grid box will account for these
reduced reaction rates by quantifying the effect of the
segregation of the chemical species. The Damkohler
numbers can also be used to establish a classification
of chemical reactions in the atmosphere. The influence
of turbulence on chemical reactions can be introduced
into more complex atmospheric chemistry models by
means of the effective chemical reaction rate or by
means of implementing models, which explicitly take
the turbulent characteristics of the CBL into account.
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