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This paper studies the gravity influence on collisions of monodispersed droplets in homogeneous
isotropic turbulence by means of direct numerical simulations �DNSs�. The DNS results show that,
in certain Stokes and Reynolds regimes, collision frequencies are significantly reduced in the
presence of gravity. Those decreases are mainly attributable to the decrease in the droplet relative
velocity, since the change in radial distribution function—often referred to preferential
concentration—is small. Further analysis of the results reveals that droplet sedimentation due to
gravity shortens the droplet-fluid interaction time, consequently weakening the relative motions
between droplets. These observations lead to an analytical model that can be used to estimate the
velocity fluctuations of sedimenting particles under gravity. Utilizing this model, we constructed a
further analytical model for estimating the gravitational influence on collisions. Given flow and
particle parameters, the model calculates the ratio of collision frequencies with and without the
effect of gravity. Past studies simply noted that the gravitational influence is negligible when the
droplet sedimenting velocity is much smaller than the flow velocity fluctuations. Our analytical
model further suggests that the gravitational influence on collisions of monodispersed cloud droplets
with non-negligible sedimentation rates stays negligibly small even in high Reynolds number flows,
such as those typically found in convective clouds. © 2009 American Institute of Physics.
�doi:10.1063/1.3276906�

I. INTRODUCTION

Following their formation through nucleation, cloud par-
ticles proceed to grow by the process of vapor diffusion, i.e.,
by condensation. The initial stage of droplet growth by con-
densation produces a fairly uniform distribution, with drop-
lets generally between 1 and 10 �m in radius. Further
broadening of the spectrum toward precipitation-sized drop-
lets �radii�100��m� is possible only when in-cloud con-
ditions allow droplets to collide and coalesce. However, the
conventional understanding of the collision process has not
been sufficient to explain the fast growth of cloud droplets
across the size gap from 10 to 50 �m in radius, which re-
sults in the fast initiation of warm rain �e.g., Ref. 1�. Various
ideas have been proposed to explain the discrepancies be-
tween theory and observations. For example, entrainment
and mixing of dry air by large scale turbulence �e.g., Refs. 2
and 3�, the existence of ultragiant cloud condensation nuclei
�e.g., Refs. 4 and 5� and nonuniformity of the supersaturation
field �e.g., Ref. 6� may lead to enhanced droplet growth in
the condensational phase of rain formation. The general hy-
pothesis, however, is that the interaction between in-cloud
turbulence and droplet dynamics can strongly affect the col-
lision frequency. As a result, turbulence may significantly
enhance droplet growth in the collision-coalescence stage of
warm rain formation.

Reviews of the interactions between turbulence and

droplets in clouds7–11 mention at least three mechanisms that
significantly affect the collision-coalescence frequency of
cloud droplets. First, relative velocities between colliding
droplets are increased because of the varying drag forces that
droplets experience, leading to large variations in droplet ve-
locities. Moreover, the relative velocities of sedimenting
droplets can be changed by turbulence through an increase in
average settling velocities, a phenomenon known as prefer-
ential sweeping.12–14 Second, droplets are centrifuged out of
vortical structures through their finite inertia, and hence ac-
cumulate in regions with low vortical activity. This local
clustering of droplets is known as preferential
concentration.15–17 Third, the collision efficiency18 needs to
be modified in the presence of turbulence due to the more
complex behavior of local hydrodynamic droplet-droplet
interactions.19,20

Over the last decade, increased computational power
made it possible to study these microphysical processes in
more detail by means of direct numerical simulations
�DNSs�. The major advantage of DNS is that it explicitly
solves the smallest turbulent scales, where most of the inter-
action with droplet dynamics takes place.10 Franklin et
al.21,22 employed DNS in the context of cloud microphysics
and found turbulence-induced increases of the collision fre-
quency to be dependent on the dissipation rate. They also
showed that these increases originate from preferential con-
centration and increased relative velocities. Corresponding
results were obtained by Wang et al.,18,19 who also included
hydrodynamic effects in their DNS to study its effect ona�Electronic mail: onishi.ryo@jamstec.go.jp.
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droplet clustering, relative velocities, and settling velocities.
In a theoretical study, Ghosh et al.23 investigated the effect of
increased settling velocities in the context of fast rain initia-
tion.

Apart from the above-mentioned collision efficiencies
due to droplet-droplet hydrodynamic interactions, the
collision-coalescence process is largely determined by the
geometric collision kernel, which measures the collision fre-
quency from the geometric overlap between droplets. In the
past, various attempts have been undertaken to model the
geometric collision kernel in a turbulent flow. Saffman and
Turner24 developed an expression for small-inertia particles
in turbulence that was corrected and extended by Wang et
al.25 using a spherical formulation. Dodin and Elperin26 cor-
rected the Saffman and Turner expression to be valid for the
limiting cases of inertialess particles without gravity and
sedimenting particles without turbulence. However, neither
study included the influence of droplet clustering or the cou-
pling between gravity and turbulence, which can be of major
importance as pointed out by, e.g., Grabowski and
Vaillancourt.27 Wang et al.28 and Zhou et al.29 developed
models for turbulent collisions in the case of monodispersed
and bidispersed droplets, respectively. However, both models
are based on DNS results that used frozen flow fields without
gravity. The use of these models in a recent cloud physics
study stimulated a discussion within the cloud microphysics
community.30,31 For example, Franklin et al.21 showed that
the use of a frozen flow field leads to overestimation of the
collision kernel by up to 30% compared to when the flow
field is allowed to evolve. In conclusion, there is still a need
for a physically based model for the geometric collision ker-
nel that includes the effects of both turbulence and gravity.

There are two kinds of gravity contributions to colli-
sions. In the presence of gravity, collisions between
different-sized droplets are caused by the difference in their
settling velocities �hereafter referred to as the differential set-
tling contribution�. Gravitational sedimentation influences
the droplet-fluid interaction, and consequently changes the
collision frequency �hereafter referred to as the gravitational
aerodynamic contribution�. Collisions between monodis-
persed droplets are induced by a combination of turbulent
collisions and the gravitational aerodynamic contribution,
while those between bidispersed droplets additionally in-
clude the differential settling contribution. Although several
collision kernel models are now available, all of them ne-
glect the gravitational aerodynamic contribution �Refs. 28
and 32 for monodispersed droplets; Refs. 18, 29, and 31 for
bidispersed droplets�.

One consensus concerning the gravitational aerodynamic
contribution is that it can be neglected when the droplet sedi-
mentation velocity is negligible compared to the fluid veloc-
ity fluctuations.9,10,33 However, it is not well understood how
the aerodynamic contribution affects the turbulent collisions
of droplets when sedimentation is non-negligible. Wang and
Maxey12 studied the aerodynamic contribution to turbulent
collisions of monodispersed droplets and found it to slightly
decrease the collision frequency. Recently, Woittiez et al.34

investigated the aerodynamic contribution to turbulent colli-
sions of bidispersed droplets as well as monodispersed drop-

lets. They observed that it increases the collision frequency
for r�40 �m, but decreases it slightly for r�40 �m. They
also observed a large influence on the amount of preferential
concentrations for both monodispersed case and bidispersed
cases. No studies, however, discussed the Reynolds depen-
dency of the aerodynamic contribution.

This study therefore aims to investigate the Reynolds
dependency of the gravitational aerodynamic contribution to
turbulent collisions by means of DNS of particle-immersed
homogeneous isotropic turbulence. As an idealized condi-
tion, we use monodispersed droplets targeting the early stage
of collisional growth, where a fairly uniform distribution is
produced by condensational growth. A limitation of employ-
ing DNS is that it cannot resolve the wide range of turbulent
scales typically found in typical environmental flows. To
overcome this limitation, we also construct a model for esti-
mating the aerodynamic contribution as a function of flow
Reynolds number and droplet size. This model enables us to
make a conjecture about the aerodynamic contribution in en-
vironmental flows, such as in-cloud turbulent flows.

In the next section, we describe our numerical method.
Simulation results are presented in Sec. III A, and the model
for estimating the gravitational aerodynamic contribution
proposed and validated in Secs. III B and III C. Discussion
of the gravitational influence in high Reynolds number flows
is presented in Sec. III D. Conclusions are presented in Sec.
IV.

II. DIRECT NUMERICAL SIMULATION
OF DROPLET-IMMERSED HOMOGENEOUS
ISOTROPIC TURBULENCE

A. Flow field

A pseudospectral method based on the Fourier–Galerkin
method was used to solve three dimensional vorticity equa-
tions:

��i

�t
+ Uj

��i

�xj
= � j

�Ui

�xj
+ �

�2�i

�xj � xj
+ Fi. �1�

Here, Ui is the air velocity in the xi-direction, �i is the vor-
ticity around the xi-axis, and Fi represents an external force.
The gravitational force is not included in the flow equation
since buoyancy effects are not targeted in this study. The
kinematic viscosity, �, was set to 1.50�10−5 m2 /s at 1 atm
and 298 K. A forcing scheme for the low-wavenumber range
was used to generate steady flows.15 In this scheme, a non-
uniform, time-independent, large-scale force field was ap-
plied to the flow at each time step. The fourth-order Runge–
Kutta method was used to simulate time evolutions, while
the two-thirds method was used to eliminate aliasing errors.
The vorticity equations were discretized on a cubic domain
of length 2�L0, where L0 is the representative length scale,
and periodic boundary conditions were applied in all three
directions. The flow cube was discretized uniformly into Ng

3

grid points. The above fluid calculation method is based on
the open source of the GFD-Dennou Club library.

Table I lists the computational conditions and flow prop-
erties. Four airflow simulations �FLOW-1, 2, 3, and 4� were
performed. The airflows have different root-mean-square
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�rms� values of velocity fluctuation, u�, which is controlled
by the forcing strength Fi. The number of grid points and the
representative length scales for the fluid calculation were set
as Ng=64 and L0=0.005 m for FLOW-1, 2, and 3, while
Ng=96 and L0=0.01 m were used for FLOW-4. The typical
length scales lI, l	, and l
 are the integral scale, the Taylor
microscale and the Kolmogorov scale, respectively. They are
calculated as

lI =
�

2u�2�
0

� E�k�
k

dk, l	 =�15u�2�

�
, l
 = ��3

�
�1/4

,

�2�

where u� is the rms of the flow velocity fluctuations, k is the
wave number, E�k� is the energy spectrum, and � is the en-
ergy dissipation rate. The maximum possible wavenumber,
Ng /2L0, is denoted by kmax. It is widely accepted that the
product kmaxl
 should be greater than unity for sufficient res-
olution at small scales, and the values in Table I satisfy this
criterion.

B. Droplet motion

Water droplets are considered here as Stokes particles
with inertia, governed by the equation

�Vp,i

�t
= −

Vp,i − Ui

p
+ �i2g , �3�

where Vp,i is the particle velocity, g is the gravitational ac-
celeration, and p is the particle relaxation time defined as
p= �2 /9���p /� f��r2 /��, where r is the particle radius and
�p /� f is the ratio of the density of the particle material to that
of the fluid, set here to 8.43�102 at 1 atm and 298 K. The
gravitational acceleration, g, in Eq. �3� was set to 9.8 m s−2

for the with-gravity case. The second-order Adams–
Bashforth method was used for time integration. The flow
velocity at a droplet position was linearly interpolated from
the adjacent grid values. Strictly speaking, the Stokes drag
model is not appropriate for water droplets with radii larger
than 50 �m since the particle Reynolds number then ex-
ceeds unity. However, for simplicity all droplets in this study
were considered as Stokes particles. If a nonlinear drag
model was employed, the gravity effect would be smaller
than shown in this study since the nonlinear drag decreases
the gravitational settling velocity. The use of nonlinear drag
model, therefore, would not change the conclusion of this

study as mentioned in Sec. III D. Turbulence modulation by
droplets was assumed negligible because of the high droplet
dilution.

C. Collision statistics

Wang et al.28 formulated the collisions between mono-
dispersed droplets based on the spherical formulation as

	Kc�r,r�
 = 2�R2	�wr�
g�R� , �4�

where 	¯ 
 denotes an ensemble average, R�=2r� the colli-
sion radius, �wr� the radial relative velocity at contact, and
g�R� the radial distribution function �RDF� at contact. The
term g�R� represents the preferential concentration effect,
which is equal to unity when particles are uniformly distrib-
uted. Collision kernels can be obtained from 	�wr�
 and g�R�
using Eq. �4�. However, in order to validate our analysis
procedure, we ran separate simulations to calculate �a� the
collision kernels Kc, and �b� the radial relative velocities and
RDFs, �wr� and g�R�.

In the simulations to obtain collision kernels, one of the
colliding pair of droplets was removed after collision to
avoid excess further collisions.35 After the background air-
flow had reached the statistically stationary stage, 4096
monodispersed water droplets were introduced into the flow.
After a period exceeding ten times the particle relaxation
time, collision detection was then started. Particle volume
fractions were so dilute—order 10−4 at most—that only bi-
nary collisions were considered. The particle-particle aerody-
namic interactions were neglected and only the geometric
collisions considered. Collision kernels were calculated from
the temporal change in the total number of particles. Thus,
the collision kernel at the nth time step, Kc

n, was calculated as

Kc
n = 2

Nn−1 − Nn

Vd�t
� 2Vd

Nn−1 + Nn�2

, �5�

where N is the number of particles, Vd�=�2�L0�3� is the vol-
ume of the computational domain, and �t is the time inter-
val. The first fraction on the right hand side of Eq. �5� is the
collision frequency during the nth time step, Nc

n. The time
interval was determined so that each particle would move
less than one-fifth of its diameter during that time, and each
run was continued until 5% of the particles were distin-
guished. Therefore, the time interval and simulation duration
were different in different flow conditions and particle sizes.

TABLE I. Flow conditions and properties in the DNS.

Symbol FLOW-1 FLOW-2 FLOW-3 FLOW-4

Grid number Ng 64 64 64 96

Velocity rms �m s−1� u� 0.100 0.143 0.209 0.151

Integral scale ��10−3 m� lI 9.20 9.04 7.80 15.8

Taylor microscale ��10−3 m� l	 5.47 4.64 3.90 6.78

Kolmogorov scale ��10−4 m� l
 4.60 3.54 2.69 4.17

Large eddy turn over time �s� �=u�2 /�� Te 0.133 0.0951 0.0677 0.204

Turbulent Reynolds number �=u�l	 /�� Re	 36.3 44.3 54.3 68.4

Grid resolution kmaxl
 2.94 2.27 1.72 2.00
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The mean collision kernel, 	Kc
, was calculated by time av-
eraging the collision kernels at each time step.

In the simulations for calculating the radial relative ve-
locities and RDFs, particles were allowed to pass through
each other �the ghost-particle condition�. The mean radial
relative velocity at contact, 	�wr�
, and the mean RDF at con-
tact, g�R�, in Eq. �4� were calculated as follows. If the dis-
tance l between a pair of particles was in the range R−� /2
� l�R+� /2, the pair was regarded as a colliding pair. Here,
the value of � was fixed at �=0.02R, which is the same value
as used in Ref. 28. The mean radial relative velocity, 	�wr�
,
was obtained by time averaging the mean approach velocity
of colliding pairs at each time step, 	�wr�
n. The RDF at con-
tact at nth time step, g�R�n, was calculated as

g�R�n =
Npair

n Vd

VsN
n�Nn − 1�/2

, �6�

where Vs�=4���R+� /2�3− �R−� /2�3� /3� is the contact vol-
ume and Npair is the number of colliding pairs. The mean
RDF at contact, g�R�, was calculated by time averaging
g�R�n. The time interval �t was determined so that each par-
ticle would move less than one-fifth of � during that time, a
much stricter condition than used for the collision kernel
calculations. Each run was continued for the same duration
as the corresponding collision kernel simulation. Mean col-
lision kernels obtained directly from Eq. �5� were within 3%
of those obtained via Eq. �4� from 	�wr�
 and g�R�. This vali-
dates our procedures for obtaining the collision statistics.

III. RESULTS AND DISCUSSION

A. Influence of gravity on turbulent droplet collisions

Figure 1 shows �a� collision kernels, �b� radial relative
velocities, and �c� RDFs for FLOW-3. The collision kernels
are normalized by the local shear rate, 	�=�� /��, and colli-
sion radius, and the radial relative velocities by the rms of
flow velocity fluctuations, u��=u1�=u2�=u3��. The error bars
show the standard deviation of the results over the five runs.
The dotted lines indicate the points where the Stokes num-
ber, St �=p /
, where 
�=1 /	� is the Kolmogorov dissipa-
tion time scale�, equals to unity. The collision kernels are
significantly decreased in the presence of gravity in the range
r / l
�0.1, where l
 is the Kolmogorov scale, but not where
r / l
�0.1. This tendency is also clear for the radial relative
velocities. In contrast, the RDF increases under gravity ex-
cept for St=1, where it decreases slightly. The change in
RDF, however, is almost within the error bars. Woittiez et
al.34 reported that RDF is increased in the presence of grav-
ity, which was attributed to the interaction of droplets with
the larger scales of turbulence. The interaction becomes sig-
nificant when p /TI�0.5, where TI is the integral time scale
defined as TI= lI /u�. In FLOW-3, p /TI=0.5 corresponds to
St=3.7, i.e., r / l
=0.14, where a small bump is seen in the
with-gravity case. Wang and Maxey12 reported a decrease of
a few percent in a measure of local accumulation for St=1,
while Onishi and Komori36 reported slight increase or de-
crease around St=1, depending on Reynolds number. The
two studies are consistent in view of the insignificant

changes in preferential concentrations, though neither dis-
cuss the interaction around p /TI�0.5. Even if the interac-
tion is significant, however, it will not play an important role
in real clouds since TI is as large as 100 s and p�0.1 s,
giving p /TI�10−3. The interaction around p /TI�0.5 may
be significant in some engineering flows, but not in atmo-
spheric turbulence. This study, therefore, neglects the change
in preferential concentration and attributes the decrease in
collision kernels to the decrease in radial relative velocities.

B. Modeling of gravitational influence

The discussion in the previous section implies that

	Kc,g
/	Kc,0
 � 	�wr,g�
/	�wr,0�
 , �7�

where the subscripts “g” and “0” denote the values for the
with-gravity case and no-gravity cases, respectively. Assum-
ing a Gaussian distribution of velocity fluctuations, the radial
relative velocity at contact, 	�wr�
, can be divided into two
contributions as

(a)

(b)

(c)

FIG. 1. �a� Collision kernels, �b� radial relative velocities, and �c� RDFs for
FLOW-3. Open circles denote the results for the no-gravity case and solid
circles for the with-gravity case.
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	�wr�
 =  2

�
�	wr,shear

2 
 + 	wr,accel
2 
��1/2

, �8�

where wr,shear is the relative velocity due to local fluid shear,
and wr,accel the relative velocity due to turbulent acceleration.
The local shear contribution term, 	wr,shear

2 
, can be written as
a function of the local shear rate and the collision radius,24

	wr,shear
2 
 = 1

15	2R2. �9�

Here, the local shear rate is a fluid turbulence statistic, which
is not influenced by gravity. Therefore, 	wr,shear

2 
 is insensitive
to gravity. The turbulent acceleration contribution term,
	wr,accel

2 
, can be expanded as

	wr,accel
2 
 = 	�vr

�2� − vr
�1���2
 = 2vp�

2�1 − �12� , �10�

where vr
�2�−vr

�1� is the relative velocity in one direction be-
tween two colliding particles with separation R, vp�

2 is
the particle velocity fluctuation intensity, and
�12�=	vr

�1�vr
�2�
 /vp�

2� is the correlation coefficient. If St is
small, the coefficient is consistent with the correlation be-
tween two fluid elements with separation R,

1 − �12 = � R

l	f

�2

, �11�

where l	f
is the longitudinal Taylor microscale, which is re-

lated to the transverse Taylor microscale, l	, by l	f
=�2l	.

Equation �11� contains no variable that is sensitive to gravity.
Even if St is not close to zero, the correlation coefficient �12

would be strongly influenced by the distance of two colliding
particles, i.e., the collision radius. Therefore, we assume that
�12 is insensitive to gravity. We then obtain the simple rela-
tion

	wr,accel,g
2 
/	wr,accel,0

2 
 � vp,g�2 /vp,0�2 . �12�

The following equation is suggested for the particle ve-
locity fluctuation vp,0� in the no-gravity case,28,33,37

vp,0�2 = 3vi,0�
2 = 3ui�

2 �

� − 1
 1

1 + �0
−

1

��1 + ��0��
� 3ui�

2f��0� , �13�

where vi,0� is the particle velocity fluctuation in the
xi-direction, �0=2.5p /TLP,0, where TLP,0 is the Lagrangian
particle integral time scale, and the parameter � signifies the
Reynolds dependence. Here, TLP,0 is assumed to be the large-
eddy turnover time Te�=u�2 /�� and the parameter �
=0.183 Re	 /�15.28 The particle velocity fluctuation under
gravity, vp,g�2 �=3vi,g�

2�, can be written in the same manner,

vp,g�2 = 3ui�
2f��g� , �14�

where �g=2.5p /TLP,g. The Lagrangian particle integral
timescale under gravity, TLP,g, is smaller than that under the
no-gravity case since gravitational sedimentation decreases
the interaction time between droplet and fluid. On the basis
of this idea, we propose a model for TLP,g. The production of
the Lagrangian particle integral scale and the mean relative
velocity between particle and fluid has a length scale, which
corresponds to the flow integral scale. The flow scale is in-

sensitive to gravity. The above production is therefore not
influenced by gravity; that is, TLP,g	�Vp−U�g
=TLP,0	�Vp

−U�0
. This leads to

TLP,g =
	�Vp − U�0

	�Vp − U�g


TLP,0. �15�

Assuming Gaussian distributions of particle and fluid veloc-
ity fluctuations, and zero mean velocities of particle and
fluid, we obtain the mean particle-fluid relative velocity in
the xi-direction as

	�Vp,i − Ui�0
 =  2

�
	�ui� − vi,0� �2
�1/2

=  2

�
�	ui�

2
 − 	vi,0�
2
��1/2

, �16�

where we used the fact that particle-fluid correlation, 	vi,0� u�
,
is equal to particle self-correlation, 	vi,0�

2
. In the presence of
gravity, the particle velocity in the vertical �x2� direction is
written as the sum of the fluctuation and sedimentation ve-
locities: Vp,2=v2,0� +Vp,�. In the same manner, we then obtain
	�Vp,2−U2�g
= ��2 /���	u2�

2
− 	v2,0�2 
+Vp,�
2 ��1/2. Expanding the

above estimates of particle-fluid relative velocity into three
dimensions, we obtain

TLP,g =
	�Vp − U�0

	�Vp − U�g


TLP,0 =� 3�1 − f��0��
3�1 − f��0�� + �2TLP,0,

�17�

where �=Vp,� /u� is a nondimensional parameter quantifying
the influence of sedimentation. Accordingly, �g is given by

�g =�3�1 − f��0�� + �2

3�1 − f��0��
�0. �18�

In summary, we can estimate the gravitational influence
on collision kernels �output�, 	Kc,0
 / 	Kc,g
, from the flow and
particle parameters. This is the key model proposed in this
study, which we envisage being used within the following
algorithm:

�1� The collision kernel, 	Kc,0
, or droplet radial relative ve-
locity in the no-gravity case, 	�wr,0�
, is obtained by DNS
or some analytical models �e.g., Ref. 28� from given
flow and particle parameters.

�2� 	wr,accel,0
2 
 is calculated using Eqs. �8� and �9�.

�3� The models for particle velocity fluctuations provide an
estimate for vp,g�2 /vp,0�2 , which leads to 	wr,accel,g

2 
 through
Eq. �12�.

�4� Substitution of 	wr,accel,g
2 
 into Eq. �8� yields 	�wr,g�
.

�5� The estimated 	�wr,g�
 and given 	�wr,0�
 then lead to
	Kc,g
 / 	Kc,0
 through Eq. �7�.

C. Gravitational influence on collision kernels

Figure 2 shows �a� averaged particle velocity fluctuation
intensities and �b� radial relative velocities for FLOW-3. In
Fig. 2�a�, the solid line shows the model results for particle
velocity intensities for the no-gravity case and the broken

125108-5 Influence of gravity on collisions of monodispersed droplets Phys. Fluids 21, 125108 �2009�

Downloaded 25 Apr 2010 to 130.54.110.33. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



lines for the with-gravity case. The model results for the
no-gravity case are in good agreement with the DNS results
for whole range of r / l
. In the with-gravity case, our model
results agree with the DNS results for the limited range of
r / l
�0.30. Beyond this threshold, strong anisotropy of the
particle motion invalidates the model of Eq. �18�. Similarly,
the thresholds for FLOW-1–4 were r / l
=0.13, 0.20, 0.30,
and 0.17 respectively, which correspond to �=4.4, 4.3, 3.8,
and 4.1. These values suggest that our model for the particle
velocity fluctuation under gravity is valid for the range �

�4.
Figure 2�b� shows the DNS results and model estimates

for the radial relative velocities for FLOW-3. The overall
features of the model estimates for 	�wr,g�
 are consistent with
the DNS results, though some discrepancies are found
around r / l
=0.15. These discrepancies might be brought
about by the simplifications adopted in our model. There are
two large simplifications in our model for the gravitational
influence: �1� the neglection of the change in preferential
concentrations due to the interaction of droplets with the
larger scales of turbulence around p /TI�0.5 �Ref. 34� and
�2� the assumption that the correlation coefficient �12 in Eq.
�10� is insensitive to gravity. Judging from the fact that dis-
crepancies in 	�wr,g�
 are found around
p /TI�0.5—corresponding to r / l
=0.14 for FLOW-3—the
discrepancies are possibly related to the former simplifica-
tion. The interaction of droplets with the larger scales of
turbulence may influence the droplet relative motions as well

(a)

(b)

FIG. 2. �a� Averaged particle velocity fluctuation intensities and �b� radial
relative velocities for FLOW-3. Symbols are as in Fig. 1. The solid line in
�a� is drawn from Eq. �13� and broken line from Eq. �14�. The broken line in
�b� shows the estimated radial relative velocities under gravity.

(b)

(a) (c)

(d)

FIG. 3. Comparison of the normalized collision kernel between the model predictions and the DNS results in �a� FLOW-1, �b� FLOW-2, �c� FLOW-3, and �d�
FLOW-4. Open symbols denote the collision kernels for the no-gravity case and solid symbols in the with-gravity case. The broken lines are the model results
of collision kernels under gravity.
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as the preferential concentrations. If this is true, we can ig-
nore the discrepancies at p /TI�0.5 since p /TI is less than
10−3 for cloud droplets in cloud turbulence.

Figure 3 shows the differences in collision kernels due to
gravity in FLOW-1, 2, 3, and 4. The broken lines show the
model results for collision kernels in the with-gravity case,
	Kc,g
, obtained by multiplying the model results for
	Kc,g
 / 	Kc,0
 and the DNS results for 	Kc,0
. The collision
kernel decreases in the presence of gravity, except for a small
reversal near St=1 in FLOW-2, where the increase in RDF
slightly overcomes the decrease in droplet radial relative ve-
locity. Only Fig. 3�a� shows a significant discrepancy be-
tween the model and DNS results for a wide range of r / l


values. This discrepancy is caused by the characteristic fea-
tures of low Reynolds number flows. Wang et al.28 found that
the small scale separation between energy-containing-scale
motions and dissipation-scale motions causes interference
between them in low Reynolds number flows causing the
discrepancy between the characteristics of particle collisions
in low and high Reynolds number flows. In such situations,
the assumption behind Eq. �8� may become invalid. For the
other three flows �FLOW-2, 3, and 4�, the model results
agree with the DNS results for the range ��4, where our
model for vp,g� is valid. These results confirm the validity of
our model for 	Kc,g
 / 	Kc,0
.

D. Gravitational influence on collision kernels
in high Reynolds number flows

In convective clouds, flow velocity fluctuation values,
u�, are typically around 1 m s−1, with energy dissipation
rate, �, of order 10−2 �shallow cumulus� to 10−1 m2 s−3 �deep
cumulus� and Re	 of the order from 103 to 104 �e.g., Refs. 10
and 28�. Here we fix u�=1 m s−1 and discuss the gravita-
tional influence on collisions of monodispersed water drop-
lets in different flow conditions.

Figure 4 shows the model results for 	Kc,g
 / 	Kc,0
. The
model of Wang et al.28 was used for calculating the radial
relative velocities in the no-gravity case, 	�wr,0�
, as an input
to our model. The horizontal axis shows the normalized

droplet size, r / l
. Cloud droplet radii are typically tens of
microns, and the Kolmogorov scale in the atmosphere ranges
from 500 �m to 1 mm. Thus, the cloud droplet regime cor-
responds to the range r / l
�0.2. As discussed in Fig. 2�a�,
strong anisotropy of droplets invalidates the model for vp,g� in
the range of ��4. The threshold of �=4 corresponds to
r / l
=0.24 for �=0.01 m2 s−3, and r / l
=0.42 for �
=0.1 m2 s−3; the cloud droplet regime of r / l
�0.2 exceeds
neither thresholds. In the cloud droplet regime we are target-
ing in this study, the decrease in collision kernel is larger for
larger �, and for larger Re	. However, the maximum decrease
is at most 3% �at r / l
=0.2� even in the flow with �
=0.1 m2 s−3 and Re	=104. Therefore, we can conclude that
the gravitational influence on collisions of cloud droplets is
negligible in convective clouds. This study employs the
Stokes drag model for the droplet motion for simplicity. If a
nonlinear drag model was employed, the gravity effect for
large droplets would be smaller since the nonlinear drag de-
creases the gravitational settling velocity. The negligibly
small effect of gravity stated in the above conclusion, there-
fore, is not changed by the nonlinearity of drag.

In the rain drop regime r / l
�0.1, the decrease due to
gravity is larger. For rain drops, collisions with cloud drop-
lets �i.e., collisions between bidispersed particles� are more
important than those between monodispersed particles. The
gravitational influence on collisions of bidispersed particles
has to be investigated further for the rain drop regime.

IV. CONCLUSIONS

There are two kinds of gravity contributions to colli-
sions. In the presence of gravity, collisions between
different-sized droplets are caused by the difference in their
settling velocities �differential settling contribution�. Gravita-
tional sedimentation influences the droplet-fluid interaction,
and consequently changes the collision frequency �gravita-
tional aerodynamic contribution�. Collisions between mono-
dispersed droplets are induced by a combination of turbulent
collisions and the gravitational aerodynamic contribution,
while those between bidispersed droplets additionally in-
clude the differential settling contribution.

This paper studies the gravitational aerodynamic contri-
bution to collisions of monodispersed droplets in homoge-
neous isotropic turbulence by means of direct numerical
simulations �DNSs�. The DNS has been carried out for four
flow conditions and for different particle sizes. The DNS
results show that, in certain Stokes and Reynolds regimes,
collision frequencies are significantly reduced in the pres-
ence of gravity. The droplet relative velocity also decreases,
while the RDF increases slightly. Therefore, the decrease in
collision frequency is attributed to the decrease in droplet
relative velocity. A possible explanation of the decrease in
relative velocity is that droplet sedimentation due to gravity
shortens the droplet-fluid interaction time, consequently
weakening the relative motions between droplets. On the ba-
sis of this idea, we developed a model that can estimate the
velocity fluctuation of a sedimenting particle under gravity,
vp,g� . Comparisons between the model and DNS results con-

FIG. 4. Model estimations of gravitational influence on collision kernels in
flows with the fixed flow velocity fluctuation of 1 m s−1, with different
energy dissipation rate, �, and turbulent Reynolds numbers, Re	. Thick lines
show the results for �=0.01 m2 s−3 and thin lines for �=0.1 m2 s−3.
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firmed the validity of the model when the ratio of droplet
sedimentation to fluid velocity fluctuation, ��=Vp,� /u��, is
less than four. Beyond �=4, strong anisotropy of particle
motion begins to invalidate the model.

Utilizing the model for vp,g� , we constructed a further
model for estimating the ratio 	Kc,g
 / 	Kc,0
 of collision ker-
nels for the with-gravity and no-gravity cases from given
flow and particle parameters. Past studies note simply that
the gravitational influence is negligible when the droplet
sedimenting velocity is much smaller than the flow velocity
fluctuation, i.e., ��1. In contrast, our model can estimate
the gravitational influence on collisions of droplets with �
�4 considering the Reynolds dependency. The model esti-
mates suggest that the gravitational influence on collisions of
cloud droplets is negligible even in the high Reynolds num-
ber flows typically found in convective clouds.

One important implication from the present results is
that we can neglect the gravitational aerodynamic contribu-
tion for collisions between cloud droplets. This supports the
existing collision kernel models for monodispersed cloud
droplets �e.g., Refs. 28 and 32�, which neglects the gravita-
tional aerodynamic contribution.
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