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Abstract. This study investigates the Reynolds-number de-
pendence of turbulence enhancement on the collision growth
of cloud droplets. The Onishi turbulent coagulation kernel
proposed in Onishi et al. (2015) is updated by using the
direct numerical simulation (DNS) results for the Taylor-
microscale-based Reynolds number (Re;) up to 1140. The
DNS results for particles with a small Stokes number (St)
show a consistent Reynolds-number dependence of the so-
called clustering effect with the locality theory proposed by
Onishi et al. (2015). It is confirmed that the present Onishi
kernel is more robust for a wider St range and has better
agreement with the Reynolds-number dependence shown by
the DNS results. The present Onishi kernel is then compared
with the Ayala—Wang kernel (Ayala et al., 2008a; Wang et al.,
2008). At low and moderate Reynolds numbers, both kernels
show similar values except for r, ~ rq, for which the Ayala—
Wang kernel shows much larger values due to its large turbu-
lence enhancement on collision efficiency. A large difference
is observed for the Reynolds-number dependences between
the two kernels. The Ayala—Wang kernel increases for the
autoconversion region (r1, > < 40 um) and for the accretion
region (r; <40 and rp > 40 um; 1 > 40 and r, < 40 um) as
Re; increases. In contrast, the Onishi kernel decreases for
the autoconversion region and increases for the rain—rain
self-collection region (1, o > 40 um). Stochastic collision—
coalescence equation (SCE) simulations are also conducted
to investigate the turbulence enhancement on particle size
evolutions. The SCE with the Ayala—Wang kernel (SCE-
Ayala) and that with the present Onishi kernel (SCE-Onishi)
are compared with results from the Lagrangian Cloud Simu-
lator (LCS; Onishi et al., 2015), which tracks individual par-

ticle motions and size evolutions in homogeneous isotropic
turbulence. The SCE-Ayala and SCE-Onishi kernels show
consistent results with the LCS results for small Re;, . The two
SCE simulations, however, show different Reynolds-number
dependences, indicating possible large differences in atmo-
spheric turbulent clouds with large Re;.

1 Introduction

Several mechanisms have been proposed to explain the rapid
growth of cloud droplets, which often result in fast rain ini-
tiation in the early stages of cloud development. Examples
of these mechanisms include the turbulence-enhanced col-
lision rate of cloud droplets (Falkovich and Pumir, 2007;
Grabowski and Wang, 2013), turbulent entrainment (Blyth,
1993; Krueger et al., 1997), giant cloud condensation nuclei
(Yin et al., 2000; Van Den Heever and Cotton, 2007), and tur-
bulent dispersions of cloud droplets (Sidin et al., 2009). The
first mechanism, which has received the most attention, has
led to extensive research on particle collisions in turbulence
(e.g., Sundaram and Collins, 1997; Wang et al., 2000; Saw
et al., 2008; Onishi et al., 2009; Dallas and Vassilicos, 2011).

One direction taken by the research in this area is the
simulation of collisional growth by solving the stochastic
collision—coalescence equation (SCE). Such research relies
on accurate collision—coalescence models, which consist of
models for the collision kernel K. (r1,r2) (where r; is the
particle radius), the collision efficiency E. (r1,72), and the
coalescence efficiency Ecoqa (71,72). To consider the influ-
ence of turbulence, several turbulent collision models have
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been proposed. Saffman and Turner (1956) analytically de-
rived a collision kernel model for particles with no iner-
tia or with a very small Stokes number (St = 1,/7,, where
7p is the particle relaxation time and ;) is the Kolmogorov
time), while Abrahamson (1975) derived a model for St > 1.
For moderate Stokes numbers, i.e., St ~ 1, one difficulty is
the preferential motion of inertial particles. Inertial parti-
cles preferentially cluster in regions of low vorticity and
high strain if St <1 (Maxey, 1987), and they cluster in a
way that mimics the clustering of zero-acceleration points
by the sweep-stick mechanism if 1SStS5tp /77, where T is
the integral timescale of the turbulence (Coleman and Vas-
silicos, 2009). This matters because clustering increases the
mean collision rate (Sundaram and Collins, 1997). To quan-
tify the clustering due to the preferential concentration effect,
a model is formulated for finite-inertial particles. However,
the model requires several empirical parameters that should
be determined from reference data, e.g., results from a direct
numerical simulation (DNS).

One serious problem is that the Reynolds-number de-
pendence of turbulent collisions has not yet been clari-
fied. In fact, many authors ignore the Reynolds-number de-
pendence and assume a constant collision kernel regard-
less of the Reynolds number (e.g., Saffman and Turner,
1956; Derevyanko et al., 2008; Zaichik and Alipchenkov,
2009) or assume a convergence to a constant collision ker-
nel with increasing Reynolds number (e.g., Ayala et al.,
2008a). Onishi et al. (2013) observed that the clustering ef-
fect, and consequently the collision kernel, decreases as the
Taylor-microscale-based Reynolds number (Re;) increases
for St=0.4. Onishi and Vassilicos (2014) later clarified that
the Reynolds-number dependence of the clustering effect for
1/3<S8¢<1 is due to internal intermittency of the turbulence.
Because a robust theoretical model for turbulent collision
kernels is not yet available, we need empirical models for
the investigation of turbulence enhancement on cloud devel-
opment. As an example, the Ayala—Wang kernel (Ayala et al.,
2008a; Wang et al., 2008) is a widely used turbulent kernel
model.

Recently, Onishi et al. (2015) proposed an empirical kernel
model based on DNS data for the wide range of 49 < Re;, <
530, where Re; is the Taylor-microscale-based Reynolds
number. Onishi et al. (2015) also conducted stochastic and
direct collision simulations to investigate the turbulence en-
hancement on drop size evolution. They investigated the
energy dissipation (¢) dependence for the range of 100 <
€ <1000cm?s~3 and the Re; dependence for the range of
66 < Re; < 206. The results showed good agreement of the
€ dependence between the stochastic simulations with the
Ayala—Wang and Onishi kernels, but a significant discrep-
ancy for the Re) dependence between the two kernels. The
discrepancy in Re; dependence may become a critical is-
sue for cloud simulations because Re; is typically as large
as O(10°%) in atmospheric turbulent clouds. However, On-
ishi et al. (2015) did not provide a detailed discussion on the
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difference of the Ayala—Wang and Onishi kernels in Re;_ de-
pendence.

This study, therefore, aims to compare the Ayala—Wang
and Onishi kernels by focusing on their Re, dependence.
First, the Onishi kernel is updated by using the reference col-
lision statistics obtained by the DNS for Re; up to 1140. The
Ayala—Wang and the present Onishi kernel values are com-
pared in detail. The SCE simulations with the Ayala—Wang
and Onishi kernels are also compared with each other and
with the reference results from the Lagrangian Cloud Simu-
lator (LCS; Onishi et al., 2015), which tracks individual par-
ticle motions and size evolutions in homogeneous isotropic
turbulence. The collision growth simulation with the LCS is
conducted for Re), up to 333.

2 Turbulent coagulation kernel models
2.1 Turbulent coagulation kernel

The geometric collision frequency per unit volume between
particles with radius | and those with radius rp, N¢ (r1,72),
is expressed by the geometric collision kernel K (r1,72) as

Ne (r1,r2) = Ke (r1,r2) np, 11p,2, (D

where np,; is the number density of particles with radius r;.
The coagulation kernel Kq,e can be expressed by the combi-
nation of the geometric collision kernel, collision efficiency
E., and coalescence efficiency E¢oy as

Kcoag(rlarZ):Ecoal("]J’Z)Ec(rh”Z)Kc("larZ)- ()

The gravitational collision kernel describes the collisions
due to the settling velocity difference in the form of

K grav (r1,r2) :ﬂR%ZH/ool — Voo2l, (3

where Ri> (= rj + rp) is the collision radius and V; is the
gravitational particle settling velocity. Turbulence enlarges
the geometric collision kernel, i.e., the turbulent geometric
kernel K wurb is larger than K gray. Turbulence also enhances
the coagulation kernel through enlarging E.. The turbulence
enhancement on the collision efficiency, ng, is defined as

Ec(r1,r)IT]

P e— “)
Ec(r1,r2) [NoT]

ne (ri,r2) =
where [T] and [NoT] indicate the turbulent flow case and the
stagnant (non-turbulent) flow case, respectively.

It had been difficult to confidently discuss the collision ef-
ficiency in a turbulent flow until Ayala et al. (2007) developed
a reliable superposition method, which iteratively solves the
Stokes disturbance flows for a many-particle system. That
superposition method is, however, computationally expen-
sive due to its iteration procedure. Onishi et al. (2013) later
developed a less costly method, named the binary-based su-
perposition method (BiSM), which has been adopted in the
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LCS (Onishi et al., 2015). BiSM assumes that interactions via
three or more particles are negligible. This dramatically re-
duces the computational cost but maintains reliability as long
as the particle number concentration is small, as observed in
atmospheric clouds.

Sundaram and Collins (1997) showed, by means of a DNS,
that the preferential concentration of inertial particles, the
so-called clustering effect, increases the collision frequency.
The clustering effect is expressed in the spherical formula-
tion derived by Wang et al. (1998) as

Ke(r1,m2) =21 R, (lwe(x = Ri2)|) g12(x = Ry2), Q)

where (...) denotes an ensemble average, |w;(x = R12)|
(Jwy| hereafter) is the radial relative velocity at contact sep-
aration, and g12(x = R12) (g12 hereafter) is the radial distri-
bution function at contact separation and represents the clus-
tering effect.

Droplet deformation and coalescence efficiency, which
this study ignores, affect the collision growth of droplets
with 7 > 100 um, although such effects only become signif-
icant for droplets with r > 500 um. It would, therefore, lead
to some errors if extending the present results to such large
droplets.

2.2 Ayala-Wang model

Ayala et al. (2008a) provided a parameterization for the tur-
bulent geometric collision kernel of finite-inertia sediment-
ing droplets by proposing an empirical model for g7 in ad-
dition to a theoretical model for (|wy]).

By following the expression by Chun et al. (2005), the
clustering effect for a monodisperse suspension of sediment-
ing droplets is expressed as

g1 = (g)Cl, ©)

where 7 is the Kolmogorov length. Cj is a function of St,
Rey,, and the non-dimensional parameter for gravity Voo /v,
with the Kolmogorov velocity v,,. This parameterization was
extended for a bidisperse system in a manner similar to that
in Chun et al. (2005):

a2
43\’

g=\ 73— , @)
rL—I—rCl

where rp. = max (r1, r2) and C; follows the same expression
for the monodisperse case at Stmax = max(St, Stp) = St(rp),
and rq is a length scale of the acceleration diffusion experi-
enced by the particles. When two particles in a pair are two
different sizes, any fluid acceleration or gravity will induce
a relative velocity. This effect yields a diffusion-like process
in the system and tends to smooth out inhomogeneities in
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the particle pair concentration. Thus, rq is larger for larger
|St1 — St2| for the bidisperse case and a monodisperse sus-
pension form is recovered for the case rqg <« rp. It should be
noted for the discussion in Sect 4.4 that the g1 model was
designed to show maximum clustering at St ~ 1 and a higher
droplet clustering for larger Re; (Ayala et al., 2008b).

In addition to the empirical g1» model, Ayala et al. (2008a)
developed a theory for (|w;|) that is applicable to inertial
droplets sedimenting under gravity in a turbulent flow. The
basic assumption was that the droplet relative trajectory is
mostly determined by gravitational sedimentation. Following
Dodin and Elperin (2002), they decomposed the radial rela-
tive velocity (between two particles falling under gravity in
a homogeneous isotropic turbulent flow) into a random part
& caused by turbulent fluctuations and a deterministic part 4
due to gravity:

w (@) =&(P) +h(9), ®)

where the angle of contact, ¢, is measured from the gravity
axis. The random variable £(¢) is assumed to be normally
distributed with a standard deviation o (¢).

Using o (¢ = 90°) to approximate o (¢), they obtained

2 T 12
(luxl) = \/; (02 + 3 (i —m2)’¢?) . ©

where o is expressed in terms of 7 ;, Vio; and flow param-
eters urms (the rms of the velocity fluctuations) in terms of €
and Re;,.

2.3  Onishi model
2.3.1 Model for gq»

Onishi et al. (2015) proposed an original model for the clus-
tering effect in monodisperse systems of non-sedimenting
particles with Stokes’ linear drag.

| A1SF
ST 0T AsRers2

(= y1) (for St < St,)

, (10)
(= y2) (for St, < S1)

where A; and A, were empirically determined to be
110 and 0.38, respectively. The regime boundary Sz, is
(Ay/ADY 4Rel/ *_ A tanh smoothing function, z,, was em-
ployed to connect the two formulations in the equation as

g1 — 1 =H(St—Sty)y1zy + H(Sty — SHy2(1 —z)%. (11)

(Note that the Heaviside function was missing in Onishi
etal., 2015.) Here,

12)

1 1 St—1 St
24(St) = 5 (1 — tanh 0810 C %210 a) ,
a

where C, is parameterized as
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Ca = acRe. (13)

In Eq. (11), « is parameterized as

« = logyagRel. (14)

Onishi et al. (2015) determined the optimal values for the
abovementioned empirical coefficients (i.e., A1, A2, dc, b,
ay, and b, ) based on the dataset in Onishi et al. (2013); On-
ishi and Vassilicos (2014) for St < 1.

If we limited the discussion for the autoconversion regime,
ie., r <40um, the range St <1 would be enough for the
typical energy dissipation rate € < 1000cm?s—> observed
in atmospheric turbulent clouds. However, as clearly shown
in Fig. 1, St can be as large as 10 for r = 100 um and € =
1000 cm? s~3. That is, in the discussion on the accretion pro-
cess that describes the conversion from cloud to rain due to
rain drops collecting cloud droplets, we need to deal with
St > 1 as well.

Hence, this study modifies the parameterization in the
original Onishi kernel to obtain better overall matching for
a wider range of St. After trial and error, we finally obtained
a modification of the form of C, as

C, = min (aCRei’f, aczRe’;fz) . (15)

We confirmed that this form with a. = 0.046, b. = 0.36,
acp =0.094, and b,y = 0.25 leads to an improvement, as
shown later in Sect. 4.2. The updated coefficients are sum-
marized in Table 1.

To determine the clustering effect for bidisperse systems,
the empirical formulation proposed by Zhou et al. (2001) is
employed:

gi2=1+pn(g — D" (gn - D', (16)

where p12 = 2.6exp(—Stmax) +
0.205 exp(—0.0206Stmax)%[l + tanh(Stmax — 3)1.

The gravitational settling affects the clustering effect for
large St particles. The parameterization here does not con-
sider the gravity effect. This would lead to some error in col-
lision statistics. However, the error was not significant in this
study and the present parameterization worked well for pre-
dicting the turbulence enhancement in size evolutions due to
collisional growth as in Sect. 4.5.

2.3.2 Model for (Jw,|)

Onishi et al. (2015) employed the model of Wang et al.
(2000) for (|w¢|), which was based on the model by Kruis
and Kusters (1997), as
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—1000 cm*s™
——600 cm’ s

Stokes number

20 40 60 80 100
r [um]

Figure 1. Stokes number against the particle radius for various en-
ergy dissipation rates.

2 12
(lw[) = I:; (wszhear + we%cce])jl ’ a7
R?e¢
Whear = T35 (18)
1
wz%ccel = §Cw (Stmax) fKK, (19)

where v is the kinematic viscosity and Cy(Stmax) =1+
0.6exp [—(Sz‘max — 1)1‘5]. The formulation of fxk was pro-
posed by Kruis and Kusters (1997) as

YUl 46,6, [ 1+6,+6; }1/2
- 01+ 6>) —
fex= O )~ G ey [ v ena+ o)
X|: ! — ! i| 20)
Ao 16 (+rendtro ]

where 6; = 1p; /Ty with T as the Lagrangian integral time
and y =0.183ufms/(6v)1/2. The Lagrangian integral time
is parameterized as Ty = 0.4T;, where T.(= urzms /€) is the
large-eddy turnover time (Kruis and Kusters, 1997; Zhou
etal., 2001). In the equation, 6; shows the relative particle re-
laxation time to the particle-flow interaction time. Note that
this (|w;|) parameterization is for non-sedimenting droplets.

Onishi et al. (2009) concluded that gravitational sedimen-
tation does not significantly influence turbulent collisions of
cloud droplets. However, for this study, which extends the
discussion to the small rain drop regime, the gravitational
sedimentation cannot be ignored. Therefore, this study in-
troduces a simple modification to make the model applica-
ble to sedimenting droplets by considering the mechanism in
which the gravitational settling shortens the interaction time
of droplets with eddies (Onishi et al., 2009). Onishi et al.
(2009) modeled the enlargement of the relative particle re-
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Table 1. Parameter values for g1 model.

12445

Aq As

bc ac2 bea Ao ba

Onishi et al. (2015) 110 0.38
Present 110 0.32

0.060  0.30 - - 026 0.50
0.046

036 0.094 025 023 050

laxation time by gravity as

. _/3<1—f<0,»>)+s39. o
S N O

where f(0) is defined as the ratio of the particle velocity fluc-
tuation to the flow velocity fluctuation, i.e., f(6) = UI/JZ / ufms,
and sy =V, 0o/Urms i a non-dimensional parameter quan-
tifying the influence of sedimentation. By replacing 6; in
Eq. (20) by 6; sed, we obtain the radial relative velocity for
droplets with gravitational sedimentation, {|w;|) b sed-

The above simple treatment is not yet complete. Ayala
et al. (2008a) suggested the following two contributions of
gravitational sedimentation on (|wy|): (i) gravity reduces
the interaction time of droplets with turbulent eddies, and
therefore the variance of particle velocities is reduced, and
(i1) gravity also decreases the correlation coefficient. The
second contribution is missing in the present simple treat-
ment. Nonetheless, since the present treatment leads to an
improvement in the turbulent coagulation kernel, as shown in
Sect. 4.3, this study adopts this simple treatment and leaves
more robust treatment to future work.

The turbulent collision kernel formulated from the above
g12 and (|wr|)yrp sea does not include the collision contribu-
tion due to the settling velocity difference. To include the
contribution of the settling velocity difference, the following
simple formulation was employed to obtain the total collision
kernel.

172
Keaou(r1,72) = (K (1,72 + Ky (1)) 22)

Here, K wb denotes the turbulent collision kernel obtained
by Ke tub = 27 R%2<|wr|>turb,sedg12-

2.3.3 Turbulent enhancement on collision efficiency

Onishi et al. (2015) employed the collision efficiency val-
ues of Pinsky et al. (2001) (E. pkso1 hereafter) and ng tabu-
lated in Wang et al. (2008). These tabulated values spanned
a relatively small range of particle sizes: the sizes of collec-
tor droplets (r1) were 20, 30, and 50 um and the size ratios
(r2/r1) were from 0.167 to 0.90. Later, Wang and Grabowski
(2009) tabulated the preliminary values of the enhancement
factor for a wider range of droplet sizes: r; = 20, 30, 40,
and 50 um and r,/rq from 0.0 to 1.0. Note that the data for
ro/r1 = 0.0 were simply set to the values for o /r; = 0.0835.
It should also be noted that Wang and Grabowski (2009) tab-
ulated the enhancement factors against the Hall collision ef-
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ficiency (Ec nan hereafter; Hall, 1980). Unfortunately, incon-
sistencies exist between the two collision efficiency models.
We found differences that are sometimes much larger than
10 % of the mean between E. pksor and E Hal, particularly
for small and large r,/r| ratios, i.e., for ro/r; ~0 and ~ 1.
These differences should be carefully compensated for in
ng. Wang and Grabowski (2009) tabulated the enhancement
on E¢Hall, nZHan. In fact, we observed an overestimation
in turbulent enhancement on the autoconversion rate when

we used n#EH““ for the SCE simulation with E¢pksoi. For
#PKSO01

Table 2, we calculated ng against Ecpksor (7% ) from
#Hall
ng o as
EcHan (r1,72)
ng O () = ng (). (23)

Ecpkso1 (r1,1r2)

Following Wang and Grabowski (2009), this study sim-
ply sets the values for r; <20 um to those at r; = 20 um, and
similarly the values at r; = 60 pm to those at r{ = 50 pm. The
factor is set to unity for r; = 100 um and larger. Also, fol-
lowing Seifert et al. (2010), for 100 < € < 600 cm? s>, this
study linearly interpolates/extrapolates between the values
of n%PKSOI at € = 100cm? s~ and at € = 400 cm? s 3. For
€ > 600cm? s> the extrapolated values at € = 600 cm? s>
are used for n’gp KSO1,

3 Direct numerical simulations

3.1 Computational methods

We now solve the three-dimensional continuity and Navier—
Stokes equations for incompressible flows:

V.-U=0, (24)

au 1 )

5, T UVU=——Vp+ VU +Fx,0). (25)
P

The kinematic viscosity v is set to 1.5 x 1073 m?2 s~3, which
is the value for atmospheric air at 1 atm and 298 K. The last
term on the right-hand side represents the external forcing
needed to achieve a statistically steady state. This study em-
ploys reduced-communication forcing (Onishi et al., 2011),
which is suitable for massively parallel finite-difference
models, to maintain the kinetic energy with |k| < 2.5, where
k is a wavevector. Spatial derivatives are calculated using
fourth-order central differences. The conservative scheme of
Morinishi et al. (1998) is employed for the advection term,
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Table 2. Enhancement factor for the Pinsky collision effi-
ciency (PKSO1), n%PKSOl, for (a) e =100 em? s~ and (b) € =
400 cm? 53,

(@ rn=

rp/rt 20pum  30um  40pum  S0pm

0.0 1.74 1.77 1.49 1.21
0.1 5.26 3.55 2.31 1.65
0.2 2,67 0742 1.29 1.04
0.3 1.75  0.733 1.15 1.04
04 0995 0.953 1.11 1.06
0.5 00955 1.06 1.03 1.03
0.6 0.730 1.11 1.00 1.03
0.7 0.701 1.07 0983  0.991
0.8 1.01 1.18 1.06 1.01
0.9 1.63 1.81 1.34 1.31
1.0 29.2 6.10 2.89 3.14

b =
rp/r1 20pm

30um  40um  S50pm

0.0 4.98 3.59 2.52 1.45
0.1 10.7 5.45 3.13 1.86
0.2 403 0.879 1.51 1.20
0.3 2.08 0.758 1.22 1.15
0.4 1.05 0973 1.14 1.10
0.5 0.751 1.19 1.10 1.05
0.6 0.832 1.29 1.10 1.07
0.7 0929 1.29 1.10 1.02
0.8 1.42 1.41 1.21 1.09
0.9 3.94 2.19 1.51 1.34
1.0 22.6 547 2.18 1.88

and the second-order Runge—Kutta scheme is employed for
time integration. To solve the velocity—pressure coupling, we
use the highly simplified marker and cell (HSMAC) scheme
(Hirt and Cook, 1972), which iterates until the rms of the
velocity divergence becomes smaller than §/A, where A is
the grid spacing and 8 is chosen to be 1073, The governing
equations are discretized by using a cubic domain of length
27 Lo, where L is the representative length. Periodic bound-
ary conditions are applied in all three directions. The flow
cube is discretized uniformly into N grid points, resulting
inA=27Ly/N.

Under the limit of a large ratio of the density of the par-
ticle material to that of the fluid (pp/0f > 1), the governing
equation for water droplets is given by

g:_i(V_(U(xvt)+u(xst)))+Fimpulse+gs (26)
dr 7

where V is the particle velocity, U is the air velocity at the
position of the droplet, u is the disturbance flow velocity due
to the surrounding droplets, and T, is the particle relaxation
time defined as 7, = (2/9)(pp/pf)(r2/v), in which r is the
particle radius. Fimpulse denotes the impulsive force due to
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collisions and g is the gravity vector (= (—g,0,0), where g
is the gravitational acceleration). The ratio of the density of
the particle material to that of the fluid, pp/pr, is set to 8.43 x
102 at 1 atm and 298 K, and f is the drag coefficient defined
as the ratio between the nonlinear drag and the linear drag
(Rowe and Henwood, 1961). It should be noted that Eq. (26),
which adopts the point-particle assumption, is inaccurate for
large St particles whose radii are not small enough compared
to the Kolmogorov scale.

The second-order Runge—Kutta method is used for the
time integration. The flow velocity at the droplet position U is
linearly interpolated from the adjacent grid values. This sim-
ple linear interpolation is justified through comparisons with
the cubic Hermitian, cubic Lagrangian, and fifth-order La-
grangian interpolations from Sundaram and Collins (1996).
The disturbance flow u, which denotes the hydrodynamic
interaction, is calculated by using the BiSM (Onishi et al.,
2013). The particle mass and volume fractions are so dilute
that the flow modulation is ignored.

3.2 Computation for turbulent collision statistics

After the background airflow has reached a statistically sta-
tionary state, monodispersed water droplets are introduced
into the flow. After a period exceeding 3 times the eddy-
turnover time Ty = L/ Uy, collision detection is then started.
Droplets are allowed to overlap (ghost-particle condition)
and a collision is judged from the trajectories of a pair of
droplets by assuming linear particle movement for the time
interval At.

The detailed description of the procedures for calculating
collision statistics can be found in Onishi et al. (2013), who
conducted the DNS for Re; up to 530. This study performed
additional simulations to push the maximum Re; forward, up
to 1140. The computational settings for the present simula-
tions are summarized in Table 3.

3.3 Computation for size evolutions due to collisional
growth

To obtain reference data regarding droplet collisional growth,
we tracked the growth of droplets that initially had the fol-
lowing exponential size distribution (e.g., Soong, 1974):

Sfo(x) =

f—Oexp(—x/xmw, @7

m0

where xmo is the mass of a droplet with a radius of rpo and
no is the initial number density. We carried out two cases:
one with rpp = 15 um and ng = 1.42 x 108 m—3 and the other
with rpo = 10 um and ng = 4.79 x 108 m=3. The correspond-
ing initial liquid water content was 2.0 gm™> for both cases.
It was assumed that colliding particles immediately united
without breakups and conserved mass and momentum.

Table 4 summarizes the computational parameters for the
flow calculation as well as the obtained flow statistics for the

www.atmos-chem-phys.net/16/12441/2016/
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Table 3. Case configurations and typical turbulence statistics. Re = UyLq/v, u’ is the rms of flow velocity fluctuation, kmax (= N/2) is the
maximum wavenumber, [, is the Kolmogorov scale, and Re;, is the Taylor-microscale-based Reynolds number. Np is the total number of
particles.

N3 Lo [m] Re | ' kmaxly Rey | Np
N4000 4000° 0312 14100 | 1.01 210 874 | 1.60 x 10°
N6000  6000° 0468 24200 | 1.01 211 1140 | 5.40 x 10

Table 4. Case configurations and typical turbulence statistics. Re = UyLq/v, where Uy is the representative velocity and L is the represen-
tative length, u’ is the rms of the flow velocity fluctuation, kmax (= N/2) is the maximum wavenumber, Iy is the Kolmogorov scale, A is the

local shear rate, and Re;, is the Taylor-microscale-based Reynolds number.

N3 Ly[m] Re | u'  kmaxly Rep elem’s™2]
NoT 323 0.0127 0] o - 0 0
T100 96 00180 974 | 1.00 204 66.1 100
T 963 0.0127 974 | .00  2.04 66.1 400
TI000 96 00101 974 | 1.00  2.04 66.1 1000
TRI27 2563 0.0338 360 [ 098 206 127 400
TR206 5123 0.0669 908 | 1.00  2.06 206 400
TR333 1000 0135 2220 | .00  2.07 333 400

collision growth simulations. In cases T100, T, and T1000,
the same grid configuration with the same Reynolds num-
ber was calculated, but the energy dissipation rates, which
are in the typical range observed in turbulent atmospheric
clouds, were 100, 400, and 1000 cm3 s—2, respectively. Cases
T, TR127, TR206, and TR333 obtained flows with the same
energy dissipation rate (400 cm> s~2) but with different Re;,
values. Onishi et al. (2015) have already presented these
cases, except for TR333 with rpg = 15 um. The present study
additionally performed the case TR333 with rpo = 15 um to
obtain a clear Reynolds-number dependence, as well as cases
T, TR127, and TR206 with rpo = 10 um.

4 Results and discussion

4.1 Estimate for Reynolds-number dependence of
clustering effect of small-S¢ particles

Onishi et al. (2013) observed that the clustering effect and
consequently the collision kernel decreases as the Reynolds
number increases for Re; > 100 and St = 0.4. Later, Onishi
and Vassilicos (2014) clarified that the Reynolds-number de-
pendence of g1 observed for 1/3 < St < 1 is due to internal
intermittency of the three-dimensional turbulence.

To quantify the influence of intermittence on g1, we need
to separate the local quantity from the global (average) quan-
tity. Kolmogorov (1962) introduced the local energy dissipa-
tion as

€(x,1) = e e(x +y,1)dy, (28)

lyl=<t
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where superscript # denotes the local quantity. It was sup-
posed that the probability density function (PDF) of ¢; fol-
lows a log-normal distribution if / is much smaller than the
flow integral scale. Assuming / ~ 7, we obtain

1 —(lne*—yd)2
PIN(e¥ |, 0%) = : 29
LN(€7 (1, 07) N CXP( 792 (29)

where €* = ¢,. Parameters o and v appear in the first and
second moments of €* as

(") (=& =exp (1 +02/2) (30)
and

<e*2>=exp (2,u+202), G1)
respectively.

The intermittency is measured by the flatness factor F, de-
fined as

(@uy/9x1)?)
((3'41/3161)2)2

It is observed that F follows a power law relation with
Re,, for example F ~ Rei/ 8 (Pope, 2000). Given du1/dx1 ~
(6,7/\))1/2 = (¢*/v)'/2, we obtain

(32)

P B Y (33)
= e;”.

Substitution of Egs. (30) and (31) into Eq. (33) yields
3

ol = gIn(Ren). (34)
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Eq. (30) then yields
u=IneRe; 0. (35)

That is, PLx(€* |, 02) can be rewritten as Ppn(e*|Rey). We
can define a local St, St*, as

e\ 172
St*:Stx(—) , (36)

€
the PDF of which follows
2eSt* S\ 2
P(St*|St,Re;) = ——P, — ) IR . 37
(St7|St, Re;.) 52 LN( ( St) ex) (37

It should be emphasized that the shape of P.x (and conse-
quently P) depends on Re;. If we assume a universal ra-
dial distribution function at contact separation against Sr* —
g’ﬂ"‘iv (St*)—, the global clustering effect can be obtained as

o0
g11 (S, Rey) = / gniV (S7*) P (S1*|St, Rey )dSt*. (38)
0

It should be noted that g;1 depends on Re;, whereas g#ini

does not (which is why it is called universal). For St* <« 1,
the universal clustering effect would have the form g’ﬂ"‘iv =
A1572 + 1 by following Eq. (10). Substitution of this form
into Eq. (38) yields g11 (St < 1, Rey) = A1St2+ 1, regardless
of the value of Re,. This explains why the g1 for Str=0.1
does not show a significant Reynolds-number dependence.
For a moderate St*, we simply formulate the universal func-
tion by following Eqs. (10) and (11) but without the smooth-
ing operators, as follows:

gl (§r*) = H (St — St¥) ATSr?
+ H(St: — St*) A%Sr* 2, (39)

where A} and A3 are empirical parameters and Sz}, is defined
as (A;/A’f)l/“. Based on the DNS data for St = 0.1, 0.4, and
0.6 in the flow with Re; = 130, we found that A’f =110 and
A3 = 0.073 work reasonably well. Although we have no jus-
tification for this universal function, it can provide g; for
arbitrary St (< 1) and Re; through Eq. (38). As we cannot
analytically calculate the integration in Eq. (38), we have to
numerically calculate it to obtain g1 for a certain combina-
tion of St and Re;. We calculated g1 for St =0.1, 0.4, and
0.6 with Re, = 100, 200, 400, 1000, 4000, and 10000. We
then obtained the following empirical formulations by ap-
plying the least-squares method to the calculated results.

211 (St =0.1, Re;) ~ 2.1, (40)
211 (Sl = 0.4, Re;L) ~19.3 — l.910g10R6A, (41)
811 (St =0.6, Rey) ~ 34.3 — 3.91logyRe;. 42)

Figure 2 shows a comparison between g1 values from the
above equations and those from the DNS. The figure shows

Atmos. Chem. Phys., 16, 12441-12455, 2016
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Figure 2. Radial distribution function (RDF) at the contact of
monodisperse particles with St = 0.1, 0.4, and 0.6 against Re) . The
plotted open symbols are the reference DNS results. The lines are
the results of Egs. (40), (41), and (42), which were fitted to the
sample values (4) with using the least-squares method. The error
bars show Fone standard deviation obtained from more than three
runs, with each run lasting for a time Ty = Lg/Up. Black solid cir-
cle (right y axis) denotes the RDF at /5 = 0.25 for St = 0.6, nor-
malized by the value at Re; = 88 reported in Ireland et al. (2016a).

that the empirical estimates can reproduce the Reynolds-
number dependence of g1 correctly. The figure includes the
data for St = 0.6 recently reported in Ireland et al. (2016a).
The two DNS datasets for St = 0.6 agree well. Ireland et al.
(2016a) argue that the Reynolds-number dependence is weak
for the Reynolds number range explored by DNS, but the ar-
gument should be carefully examined when extrapolating to
atmospheric flows. Figure 2 shows indeed a weak decrease
in g1 for Stokes numbers between 0.3 and 1.

4.2 Modeling of clustering effect

Figure 3 shows a comparison between direct numerical sim-
ulation results and model predictions for gi;. The dashed
lines are the prediction by the Onishi model (Onishi et al.,
2015), and the solid lines are the predictions by the present
updated model. The DNS data for St < 1 and for Re; < 530
were obtained from the table in Onishi et al. (2015). The data
for St=1.4, 2, 4, and 8 were newly obtained. The results
for Re; = 874 and 1140 (these Reynolds numbers are the
largest ever achieved for turbulent particle collision statis-
tics) are included in the figure. The DNS data show a de-
creasing trend for St < 1 for the moderate Reynolds number
range of 100<Re; <1000. This decreasing trend with respect
to Re,, is attributed to the flow intermittency (Onishi and Vas-
silicos, 2014) as discussed in the previous subsection. The
black solid line is the estimated g1 for St = 0.4 and the black
dashed line is for St = 0.6 (Eqgs. 41 and 42, respectively). The
present Onishi model shows slightly better agreement with
the DNS data in terms of the slopes in comparison with the
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Figure 3. Radial distribution function at the contact of monodis-
perse particles, g1, against Re) . The plotted points are the refer-
ence DNS results, the dotted lines are the prediction with the coef-
ficients of Onishi et al. (2015), and the solid lines are the present
prediction.

original model. For St > 1, the DNS data show increasing
trends for the moderate Re; range, and those trends are pre-
dicted by the present parameterization, although the rate for
St = 2 is overestimated. One significant feature of the Onishi
g11 model is that maximum clustering occurs at a larger St
for a larger Re, . This shows a clear contrast with the Ayala—
Wang model, which was designed to show maximum clus-
tering at St ~ 1 regardless of Re; .

The updated parameterization leads to improvement, par-
ticularly for the St > 1 regime. For example, in the case of
Re) = 127, the rms values of the relative errors of the pre-
diction with the original parameters for (i) St = 0.1, 0.2, 0.4,
and 0.6 and for (i) St =1, 1.4, 2, 4, and 8 were (i) 0.081 and
(i1) 0.239. The rms values with the present parameters were
(1) 0.075 and (ii) 0.113.

4.3 Turbulent coagulation kernels for small
Reynolds-number flow

Figure 4 shows a comparison between model predictions and
DNS results of the coagulation kernel Kcoag(r1,72) for ry =
30um, Rej, = 127, and € = 400 cm? s 3. The kernel is nor-
malized by the collision radius R and the local velocity gradi-
ent A (: (e/n)V/ 2). The reference DNS considers the hydro-
dynamic interaction and the gravitational droplet sedimenta-
tions. We observe a large discrepancy for r, ~ 30 pm (=ry),
where the turbulence enhancement on collision efficiency is
difficult to define, because the collision efficiency for r; = r;
cannot be defined for stagnant flow. Otherwise, the model
predictions (Ayala—Wang model and Onishi model) agree
well with the DNS results. As an example, we also observe
a slight improvement in the Onishi model by including the
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Figure 4. Non-dimensionalized coagulation kernels for | = 30 um
in the turbulent flow with Re; = 127 and € = 400 cm? s73. The er-
ror bars show £1 standard deviation obtained from more than three
runs, with each run lasting for a time 7o = Lo/ Uyp.

sedimentation effect on (|w|) (Sect. 2.3.2) on the data for
ry =40 um.

The Ayala—Wang model shows a local maximum around
rp = r1. The DNS results also show a convex shape, but the
value at rp = r1 is much smaller than the prediction by the
Ayala—Wang model. In contrast, the Onishi model does not
show such a local maximum at r, =r; but does provide
values much closer to DNS elsewhere. The convex shape
is related to the diffusion effect denoted by rq in Eq. (7).
Equation (16) for g2, employed in the Onishi model, was
formulated for non-sedimenting droplets and this equation
therefore leads to weaker acceleration-driven diffusion, i.e.,
smaller rq (Ayala et al., 2008a). This can explain why the
Onishi model does not show the convex shape.

Figure 5 shows the ratio of the turbulent coagulation kernel
to the Hall kernel for the turbulent flow with Re; = 127 and
€ =400cm?s~3. The level of the ratio is basically similar
for both the Ayala—Wang and Onishi models, and the ratio is
nearly unity when the droplets are above 100 um.

4.4 Reynolds-number dependence of kernel models

Figure 6 shows the ratio of the coagulation kernel for Re), =
10* to that for Re) = 103. Tt should be noted that the E. and
ng models employed in the Ayala—Wang and Onishi ker-
nels do not consider the Reynolds dependence. Therefore,
the figure actually shows the ratio of the geometric collision
kernels, i.e., the ratio of (Jw;|) g12. The Ayala—Wang ker-
nel increases for the autoconversion region (1, 72 < 40 um)
and the accretion region (r; < 40 and r, > 40, and r; > 40
and 7 < 40 um). The Onishi kernel decreases for the corre-
sponding autoconversion region, but increases for the rain—
rain self-collection region (ry, rp > 40 um).

Figure 7 shows the ratio of g for Rey =10* to
that for Re;, = 103. It should be noted that the form of

Atmos. Chem. Phys., 16, 12441-12455, 2016



12450

10* -

1, [um]

10! L
T
10' 10*

1y [um]

R. Onishi and A. Seifert: Re dependence of turbulence enhancement

1, [Wm]

T
10' 10*
1y [um]

Figure 5. Ratio of the turbulent coagulation kernel to the Hall kernel in the turbulent flow with Re) = 127 and € = 400 ecm?s73. (a) Ayala—

Wang kernel and (b) the present Onishi kernel.
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Figure 6. Ratio of the coagulation kernel for Re) = 10% to that for Re, = 103. (a) Ayala—Wang kernel and (b) the present Onishi kernel.

Eq. (22) violates the spherical form and we cannot rigor-
ously define g12 tota1 and {|wr|)iora that formulate K¢ oral =
2 sz(lwrl)mta] g12.total. Here, we simply considered g2 ex-
pressed by Eq. (12) as the g12 o1 for the total kernel and
obtained (|wr|) a1 = Koot/ (27 R3,g12). As designed, the
Ayala—Wang kernel shows the increase for increasing Re;, for
both the autoconversion and the accretion regions. In con-
trast, the Onishi kernel shows a decrease for the autoconver-
sion region, but a significant increase for the accretion region
and the rain—rain self-collection region (i.e., 1, rp > 40 um).
This is due to the shift of the maximum clustering toward
larger St with increasing Re;,.

Figure 8 shows the ratio of the radial relative velocity
for Re; = 10" to that for Re, = 10°. The Ayala—Wang ker-
nel shows little Reynolds-number dependence. In contrast,
the Onishi kernel shows significant Reynolds-number depen-
dence, which tends to be opposite to the Reynolds-number
dependence of g and thus weakens the Reynolds-number
dependence of the collision kernel.

The Reynolds-number dependence of the clustering effect
is larger than that of the radial relative velocity, and the con-
tour shape of Fig. 6 is more similar to Fig. 7 than to Fig. 8
for both the Ayala—Wang and the Onishi kernels. That is, the
Reynolds-number dependence of the two kernels can mostly
be attributed to the g1, parameterizations.

Atmos. Chem. Phys., 16, 12441-12455, 2016

Note that the Fortran 90 code used to calculate the present
Onishi kernel is provided in the Supplement.

4.5 Turbulence enhancement of autoconversion rate

We investigated the turbulence enhancement on the autocon-
version rate, which is the conversion rate from the cloud
category (r <40um) to the rain category due to collisions
between the small cloud droplets. The Ayala—Wang kernel
and the present Onishi kernel were employed to calculate
the coagulation growth of droplets modeled by the stochastic
collision—coalescence equation (SCE):
m/2

d t
%: / Keoag(m —m',m"ng(m —m', t)ng(m, t)dm’

0
00

_/Kcoag(m’ m")ng(m, Hng(m’, 1)dm’,
0

(43)

where m is the particle mass and nf is the number den-
sity function. The coagulation component of the spectral bin
model in the Multi-Scale Simulator for the Geoenvironment
(MSSG-Bin) cloud physics model (Onishi and Takahashi,
2012) was used to solve the SCE. The mass coordinate m
was discretized as my = 2/5my_;, where s was set to 16.
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Figure 8. Ratio of the radial relative velocity at contact separation {|w;|) for Re) = 10* to that for Re) = 103.

The representative radius of the first bin was 2.7 um and 528
classes were calculated, the largest class of which had a rep-
resentative radius of 5.4 mm. The SCE solution is basically
a mean-field approximation. In contrast, the LCS acts as a
reference model as it includes all turbulence effects directly
in its Lagrangian particle simulation. Due to the high com-
putational cost, however, the LCS is restricted to moderate
Reynolds number (here up to Re; = 333).

Following Seifert et al. (2010), Onishi et al. (2015) used
a quantitative measure of the turbulence enhancement focus-
ing on the timescale of the autoconversion process. The time
required for a cloud to convert 10 % of its cloud mass into
rain category drops is expressed as #1p ¢, which can be used
as a measure of the autoconversion timescale. Then, we can
define the turbulence enhancement factor, Eyb, as

Pauolr  110%NoT

Ewp = (44)

P, aut0|NOT MT ’
where the overbar indicates the mean value.
Figure 9a shows Ey,, as a function of € for Rey, = 66 in
the 7o = 10 um case. The LCS data show an almost linear
increase with increasing €. Both the SCE simulation with the
Ayala—Wang kernel (SCE-Ayala hereafter) and that with the
Onishi kernel (SCE-Onishi hereafter) show the same trend
with the LCS data, although the SCE-Ayala slightly over-
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estimates the enhancement. The maximum relative differ-
ence between the SCE-Ayala and SCE-Onishi kernels was
as small as 22 % at € =500 cm?s~3. Both the SCE-Ayala
and the SCE-Onishi kernels show a kink at € = 600 cm? s 3,
where the turbulence enhancement on collision efficiency
levels off. Figure 9b shows Eyt, as a function of Re;, for € =
400 cm? s~3 in the case of 7o = 10 um. The SCE-Ayala and
the SCE-Onishi kernels show different trends: the SCE-Ayala
predicts an increasing enhancement with increasing Re;,
while the SCE-Onishi predicts almost constant or slightly de-
creasing enhancement. The difference between the two SCE
predictions becomes larger for larger Re;, with the LCS re-
sult closer to the SCE-Onishi prediction. The difference be-
tween the SCE-Ayala and the SCE-Onishi kernels can be
explained by the Reynolds-number dependence of the two
kernels, as discussed in Sect. 4.4. This Reynolds-number de-
pendence is relevant, because the SCE prediction becomes
very different at large Rey. For example, at Re; =2 x 10%,
the SCE-Ayala prediction is 2.5 times larger than the SCE-
Onishi prediction. The LCS results for Re) < 206 support the
SCE-Onishi prediction.

Figure 10 shows Eyyp for the rpo = 15 um case, which
was also discussed in Onishi et al. (2015). This study ad-
ditionally performed the simulation for Re; = 333 to inves-
tigate the Reynolds-number dependence more clearly. Ba-
sically, the results are similar to those in the previous fig-

Atmos. Chem. Phys., 16, 1244112455, 2016
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Figure 9. Turbulence enhancement factors for 7 = 10 um as a function of (a) the energy dissipation rate € and (b) the Taylor-microscale-

based Reynolds number Re;) . Re), = 66 in (a) and € = 400 cm?s~3

ure. In Fig. 10, the SCE-Ayala and the SCE-Onishi ker-
nels show closer results for Re; = 66, and both SCE-Ayala
and SCE-Onishi slightly overestimate the enhancement for
€ > 400 cm? s—3. The difference between the two predictions
at Rey =2 x 10% is larger: the SCE-Ayala prediction is 3.0
times larger than the SCE-Onishi prediction. The LCS results
for Re;, up to 333 clearly support the SCE-Onishi prediction.

In summary, both Figs. 9 and 10 show that the SCE-Ayala
and the SCE-Onishi kernels produce consistent results for
low Re; with about a 20 % difference at most, but the two
show very different values at large Re,: the SCE-Ayala pre-
diction becomes larger than the SCE-Onishi by a factor of up
to 3 in cloud turbulence. This clearly suggests a strong de-
mand for collision growth data with larger Re, to construct a
more robust turbulent kernel.

4.6 Periodicity influence

As noted in Woittiez et al. (2009) and discussed in Ap-
pendix A in Ireland et al. (2016b), the periodicity of the com-
putational domain may lead to errors for the settling particles
with large St. Ireland et al. (2016b) defined the critical St,
Sterit, as

Lu

Sterit = Fr——,
[ uy

(45)

where Fr is the Froude number (=a,/g, where a, is the
Kolmogorov-scale acceleration), L(=2mLg in this study)
is the domain size, [ is the integral scale, and u, is the
Kolmogorov-scale velocity. For St larger than St.i, the pe-
riodicity problem may arise.

Figures 4, 9, and 10 are for settling particles. For those
figures, we have calculated St to check the periodicity
problem. (i) For Fig. 4, St.i¢ = 3.7, which corresponds to
Ferit = 75 Um; rpig 18 the radius of particle with St = Stit. The
two plots from DNS, which correspond to r, = 80 um and
120 um, exceed r¢rji. However, since the two plots are more
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in (b). The error bars indicate the standard deviations.

or less similar with the gravitational (Hall) kernel values, the
turbulent contribution would be small compared to the grav-
itational settling contribution. That is the error due to the pe-
riodicity would not significantly affect the results. (ii) For
Figs. 9a and 10a, 7 are 50, 65, and 70 um for € = 100, 400,
and 1000 cm? s~3, respectively. For Figs. 9b and 10b ¢ are
65, 75, 85, and 90 um for Re, = 66.1, 127, 206, and 333, re-
spectively. The enhancement factor Eyyp, shown in Figs. 9
and 10, was evaluated by #1¢¢, which is defined as the time
required for a cloud to convert 10 % of its cloud mass into
rain category drops. The threshold between cloud and rain
categories was set at r = 40 um. That is, 10 % of particles, in
mass and volume, are larger than 40 um in radius at t = #199
by definition. For example, according to the DNS results, 3 %
of particles are larger than 50 um and only 0.9 % of particles
are larger than 60 um at ¢ = t10¢. The percentage of parti-
cles that are larger than 50 pm in radius may have some im-
pact on f = t199 and consequently Ey,. In this sense, the
plot for € =100 cm?s™3 in Figs. 9a and 10a, whose ri; is
50 um, may contain some error associated with the period-
icity problem. However, since Ey,p for that plot is nearly
unity, indicating small turbulence enhancement, the period-
icity problem does not change the present findings.

5 Conclusions

This study investigated the Reynolds-number dependence of
turbulence enhancement on the collision growth of cloud
droplets. The Onishi turbulent coagulation kernel proposed
in Onishi et al. (2015) was updated by using the present
direct numerical simulation (DNS) results for the Taylor-
microscale-based Reynolds number (Re;) up to 1140. The
following three components were updated: (i) the radial dis-
tribution function at contact separation of a monodisperse
suspension of droplets, i.e., the clustering effect, g11; (ii) the

www.atmos-chem-phys.net/16/12441/2016/
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Figure 10. Turbulence enhancement factors for 7 = 15 as a function of (a) the energy dissipation rate and (b) the Taylor-microscale- based
Reynolds number Re;),. Re; = 66 in (a) and € = 400 cm?s3 in (b). The error bars indicate the standard deviations.

radial relative velocity at contact separation, (Jw|); and
(iii) the turbulence enhancement on collision efficiency, 1.

We confirmed that the updated g1 parameterization agrees
better with DNS results than the original parameterization
for Re) ~ 100. We also confirmed that the updated param-
eterization has better agreement with the Reynolds-number
dependence of g1 for the estimated values of St = 0.4 and
0.6. The model of radial relative velocity was updated to in-
clude the effect of the gravitational sedimentation of droplets.
The comparison with the DNS results confirmed that the up-
dated model for (Jw,|) is better than the original one. The
Onishi coagulation kernel employed the turbulence enhance-
ment on collision efficiency ng, tabulated in Wang et al.
(2008). The updated kernel is intended to adjust to more re-
cent ng values, tabulated in Wang and Grabowski (2009).
It should be noted that the collision efficiency E. in Pinsky
et al. (2001) (E¢pkso1), which the Onishi kernel employs, is
different from the E in Hall (1980) (E man), particularly for
ro/r1 ~ 0 or ~ 1. We proposed a compensation such that ng
(in Wang and Grabowski, 2009), which shows the turbulence
enhancement against E¢ Ha, is applicable to the kernel with
E.pkso1. The proposed compensation is simply to multiply
ne in Wang and Grabowski (2009) by E. pkso1/ Ec Hall-

The present Onishi coagulation kernel was compared with
the Ayala—Wang kernel (Ayala et al., 2008a; Wang et al.,
2008) together with the DNS values for Re; = 66 and the en-
ergy dissipation rate € = 400 cm? s 3. For K coag (r1 = 30 um,
r2), both kernels show similar values comparable to the DNS
values except for r, ~ ry. For the nearly monodisperse case,
the Ayala—Wang kernel overestimates the kernel but provides
a sharp convex shape, i.e., a clear local maximum at rp =
30 um, that agrees with the DNS data qualitatively. The On-
ishi kernel does not show such a convex shape due to weaker
acceleration-driven diffusion on the clustering effect g1, but
the kernel values are in fairly good agreement with the DNS.
The Reynolds-number dependence of the two kernels was
also compared. It was shown that the Ayala—Wang kernel in-

www.atmos-chem-phys.net/16/12441/2016/

creases for the autoconversion region (r,ry < 40um) and
the accretion region (r; < 40 and r, > 40, and r; > 40 and
r2 < 40 um). In contrast, the Onishi kernel decreases for the
autoconversion region but increases for the rain-rain self-
collection region (rq, r2 > 40 um). These Reynolds-number
dependences can be attributed to the Reynolds-number de-
pendence of the clustering effect.

We also compared the stochastic collision—coalescence
equation (SCE) simulations for both kernels; one with the
Ayala-Wang kernel (SCE-Ayala) and the other with the
present Onishi kernel (SCE-Onishi). Lagrangian Cloud Sim-
ulator (LCS; Onishi et al., 2015) simulations were also con-
ducted to obtain reference data of the turbulent enhancement
on collisional growth, in particular the enhancement on the
autoconversion rate. The SCE-Ayala and SCE-Onishi kernels
show consistent results for Re;, = 66 with about a 20 % dif-
ference at most, but the two SCE simulations show a different
Reynolds-number dependence, resulting in large differences
at large Re, . It should be emphasized that the SCE-Ayala pre-
diction can become larger than the SCE-Onishi by a factor of
up to 3 in the typical large Re; range observed in cloud tur-
bulence. These simulations clearly suggest a strong demand
for reference collision growth data with larger Re; from DNS
or laboratory measurement to construct a more robust kernel
model. This is our goal in future studies.

6 Data availability

Data for the present graphs are available from the corre-
sponding author upon request.

The Supplement related to this article is available online
at doi:10.5194/acp-16-12441-2016-supplement.
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