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Part 1

Descriptions of a 1D acoustic wave and its intensity



1D longitudinal linearized acoustic wave equation: ideal gas, isentropic flow

No viscous friction, isentropic flow [First assumption]
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the same wave equation

The speed of sound
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General solutions
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An elemental solution is then
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1D longitudinal acoustic wave equation: some terminology

An elemental solution is then  6p(x,t) = c¢?6p = PymsV2 cos(kx — kcgt) ”

_ PrmsV2 velocity amplitude

PoCs

u cos(kx — kcgst) = ug cos(kx — kcgt)

The average radiated power intensity (W - m™2) is I = (6p-u) = %, Uy = pZIC
ots 0ts

The sound pressure level (SPL) in dB
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1D longitudinal acoustic wave equation: typical magnitudes

f =1000 Hz, time scale = 0.001s "
Van Wijhe (2013)

AIR 140dB 150dB 160dB

I Intensity 97W/m? 970 W/m?* 9695 W/m?
Prms  Pressure amplitude (RMS) 200Pa 632Pa 2 000Pa
Drms/Po  %0f atmospheric pressure 0.2% 0.6% 2.0%
u, Velocity amplitude 0.69m/s 2.16m/s 6.86m/s
ug/cs % of speed of sound 0.2% 0.6% 2.0%
so = up/(2mf) Amplitude 0.11 mm 0.34 mm 1.1 mm
“;_0 _ uo/(chs) % of Wave|ength 0.03 % 0.095 % 0.3 %

Extremely low-Ma compressible flow, short time scale, significant velocity
dp = 10 um cloud droplets, 7, = 0.0003 s, terminal velocity W,= 0.32 cm/s
* Could be effective to produce relative motion for um-size particles, when uy > W,

* May need high-frequency to produce significant “inertia” effect: f7,~1
* There could be an optimal sound-wave frequency for acoustic coagulation 5



Part 2

The Kundt’s tube, acoustic coagulation and i1ts mechanisms



The Kundt’s Tube (1866): A way to measure the sound speed by dust stripes

August Kundt, German Physicist, 1839-1894

August Kundt, 1866. “Ueber eine neue Art akustischer
Staubfiguren und tiber die Anwendung derselben zur Bestimmung

der Schallgeschwindigkeit in festen Korpern und Gasen”. Annalen
der Physik, 203(4), pp.497-523.

“About a new type of acoustic dust figures and about the
application of them to determine the speed of sound 1n solid
bodies and gases”




The Kundt’s Tube (1866): Longitudinal standing sound waves

Kundt’s tube with dust particles, see YouTube video
https://www.youtube.com/watch?v=Nbhh0B2ajaQ _
The movable piston at the other end serves as the reflecting .=

0°s _10% 0 (x,t) ' ticle displ t
— == =0, s(x,t) = air particle displacemen
at? ¢ 0x? P P

The analytical solution (method of separation of variables)

2nfx
CS

sin 2nfL

sin

s(x=Lt)=a- - cos(2mft)

Cs

2nféx

Cs

Positions of nodes (locations of zero displacements): =nm, ¢, = 2féx, dx~10cm in this experiment

cs=speed of the sound, f=frequency of the sound wave, 4 is the wave length of sound waves

The distance between the dust is half §x = 0.51

At one end, a loudspeaker attached to a signal generator producing a sine wave.
The other end of the tube is blocked by a movable piston which can be used to adjust the length of the tube.
The tube needs to be at resonance. The sound waves in the tube are in the form of standing sound waves. 8


https://www.youtube.com/watch?v=Nbhh0B2ajaQ

www.youtube.com/watch?v=Nbhh0B2ajaQ

YouTube video by Dr. Timothy McCaskey
Department of Science and mathematics
Columbia College Chicago



https://www.youtube.com/watch?v=Nbhh0B2ajaQ

anti nodes where air fluid elements
displacement is at a maximum
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nodes where air fluid elements
displacement is zero
(These are pressure anti-nodes)

The powder is caught up in
the moving air and settles in
little piles or lines at these
nodes, because the air is still
and quiet there. The distance
between the piles is one half
wavelength A/2 of the sound.
By measuring the distance
between the piles, the
wavelength A of the sound in
air can be found. If the
frequency f of the sound is
known, multiplying it by the
wavelength gives the speed
of sound cin air.

Cs = 2X[XOXxqyst layers

10



Air density, velocity, and pressure distribution in the Kundt’s Tube: one-dimensional model

cos 2nfx
ds 2nf C
5,0(36', t) = p(x) t) — Po = —Po a = Pod- c ) 27T}L ) COS(ant)
5 sin

S

The pressure change is determined by the 1sentropic relation of an i1deal gas

p 5 2nfx 2nfcg
— = consant — Op =c56p = OPgy - COS - cos(2mft),where dp,, 0 = APy - —5—F+
pY Cs . 2nfL
sin =
sin 21X
aS(x: t) Cs . Spmax . 27fo .
The air velocity is U="5r ~° nf a sz—ﬂﬂ -sin(2rft) = — Ce *sin . -sin(2rft)

Cs
Or: u = i [cos <2nfx (x + cst)> — oS <2nfx (x — cSt)>]
2 Cs Cs

Average intensity of the sound wave

16pgcs e PoCs PoCs

11



Horizontal movement of a dust particle in standing sound waves

U = —Upgy * SN 2nfx -sin(2mft), Umax = OPmax
s PoCs
v uY(),t)—=V ar
dt T, @V
u = %Re [exp (i sz (x + cst)> — exp (i ZZTSf (x — cSt)>]
g 1 2nf 1 2m
V(t) ~7Re{(1 ny .St)exp<l . (x+cst)> — 1= .St)exp<l -
_ 1 U ) 2nfx B )
V(t) = T2 Re {exp(lqb‘+)e<<1 i (x + cst)>}£lqb)
amplitude reduction phase shifts

(e.g., entrainment ratio)

Typical assumptions:
(1) uy < cg, slow migration
(2)d, < A, Stokes drag law

(3) pp > py, simplified eqn of motion

Measure of particle inertia effect

St = wt, = 2nfT),

f (X _ Cst)>}

S

2T

exp (i - f (x — cSt)>}

S
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Velocity of dust particles of different sizes

w35 VeloCity
m particle 0.5 pum
e particle 2.5 pum

Vi) |

. time

Figure 2-2: Difference of entrainment ratio for two particles of a different
size.

Van Wijhe, Andries. "Acoustic coagulation of aerosols." (2013), MSc Thesis, TU Delft.

13



Question: can we simulate these dust figures in The Kundt’s Tube?

Wall-bounded low-speed compressible flow
Lagrangian tracking of particles

14



Relative motion between two dust particles: The orthokinetic particle interaction

Particles of different sizes will have different amplitude reductions / phase shifts, creating relative motion
between large and small particles
f (x - Csﬂ)}

2 Re {exp(z¢12+> exp <l e+ cst>> ~ exp(ign, ) exp (i (e~ cst>>}

2rf
Vl(t)_VZ(t)'”_Re{l(lﬂ St (1+i- Stz)l p( co (x+CSt)> l(l—t St (1—i- Stz)] exp(

|St1 - Stzl
JA + St + St2) 2

Vi() — V() =

S S

ISt —St,| _ . ) _ (Tp1+Tp2)+\/ 1 +Tp+14T25, T2,
obtains a maximum value when w

\/(1+St§)(1+5t§) 6Tp1Tp2

Given the sizes of the small and the large particles, an optimum frequency exists (Shaw, 1978).

E.P. Mednikov, 1965, Acoustic Coagulation and Precipitation of Aerosols, translated from Russian by Larrick. C. V., Consultants Bureau, New York.
Shaw, D. T., 1978, Acoustic Agglomeration of Aerosols, Recent Developments in Aerosol Sciences, Chapter 13, Wiley Inter-Science. 15



The relative motion due to the acoustic wake effect

the reduction of distance between two particles due to the mutual slipstreaming in an oscillating flow

First half wave Second half wave
0 0 ..
> > Van Wijhe (2013)
Flow direction> ( Flow direction

particle 2 has a decreased drag due to particle 1 has a decreased drag due to

the wake of particle 1 the wake of particle 2
Based on the Oseen disturbance flow r is distance between the two particles

3y - Ui B = '[ﬁ ug = WTpi
0 P — ) | d ) i —
— e Pp TTW 2
|V1 (t) Z (t)l ~ 41rr (dplll + dpzlz) \/1 + Zhiuiz + hizu? P pt 1+ (a)rgi
The shp coefficient The Stokes Sllp coefficient

Andrade, E.D.C., 1936. The coagulation of smoke by supersonic vibrations. Transactions of the Faraday Society, 32, pp.1111-1115.

Hoffmann, T.L., 1997. An extended kernel for acoustic agglomeration simulation based on the acoustic wake effect. J. Aerosol Sci., 28(6), pp.919-936.
Dianov, D. V., Podolski, A. A., & Turubarov, V. 1. (1968). Calculation of the hydrodynamic interaction of aerosol particles in a sound field under Oseen ﬂow16
conditions. Soviet Physics Acoustics-USSR, 13, 314.



Various applications of acoustic coagulation of aerosol particles

Acoustic coagulation was first noted in 1920’s
C. Andrade and S.K. Lewer, New Phenomena in a sounding dust tube. Nature, 1929. 124: P. 724-725.

Acoustic coagulation using powerful sirens, to clear airstrip runways from fog
E.P. Mednikov, Acoustic Coagulation and precipitation of aerosols, 1965.

Acoustic coagulation to promote formation of dust agglomerates, for better dust filtration / removal
Scott, 1975, J. Sound Vibration; Somers et al., 1991, J. Aerosol Sci.

How about as a method for cloud seeding / rain enhancement?

17



Part 3

Motivation and specific objectives

18



Artificial Cloud Seeding / Rain Enhancement Technology

J Major challenges: Weather / Climate changes and lack of fresh water
(J Water resources important for the social and economic development of China, can we explore unconventional water

resources?

OO0

Traditional cloud seeding technologies
(precipitation enhancement)

AN
4 hygroscopic salt liquid nitroge}l
silver iodide
- -@-—-F-- ®---L-- O --1--@-———---@—----- ®---

1940s 1950s 1960s 1970s 1980s 1990s

dry ice
urea

Henin, S., et al. (2011). Nature Communications
Ju,J. J., etal. (2017). Scientific Reports
Leisner, T., et al. (2013). Proceedings of the National Academy of Sciences

Sound-wave artificial precipitation: low cost, no catalyst, precise control, ......

New technologies
(research in the lab)
N

r atmospherig ionization

2000s

sound waves

20[10s 2020s

charged particle
catalysis

( ]
Laser

The amount of water in the atmosphere over China ~ 2.2x10%6 kg (22 trillion tons), 4 times of annual precipitation
Precipitation efficiency ~ 28%, a lot of potential to explore atmospheric water resources

Sound waves:

» orthokinetic

e acoustic wakes

* radiation pressure

19



Background: Acoustic agglomeration for rain enhancement - field experiment

Qinghai | F
University / I
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Qiu J., et.al.
2020

Tsinghua U.
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Cloud response to YunZhuFeng field experiment “Sky window”

20170811, YunZhuFeng, Kunlun Mountain



Motivation: field and lab experiments on acoustic rain enhancement
Dr. Jun Qiu, Associate Research Professor in Department of Hydraulic Engineering at Tsinghua U.

(J Hydraulic Engineering: fresh water resources

(J NSFC projects: “Study of acoustic coagulation mechanisms of cloud droplet” “Theory and
techniques to develop and control water resources for the Southwest River region”

L Achieved some initial success (10~17%, 2021-Sci China-Tech Sciences) to promote precipitation
using sound waves, and recently built an acoustic cloud chamber with the goal to better understand

the interactions of sound wave, air turbulence, and precipitation
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Growth of Cloud Droplets in a Turbulent Environment

Cloud: A visible aggregate of small water droplets and/or ice particles (d,~20 um)

Fog: A cloud very close to the earth's surface.
CCN: Cloud Condensation Nuclei.

Large Cloud drop
Size gap: Size range of 20 — 40um (neither

CCN Cloud drop Collision-Coalescence

the diffusional growth nor gravitational :
water-vapor, . Size gap drizzle

ﬂmdiffusion ~100um

collision is effective to increase the droplet

~0.1

. ~20um ~40um
s1ze )

CoHisionH{Coalescence

Processes for Cloud Droplet Growtllz

e Condensation * Qravitational collision ~1000um
e Turbulent collision Rain drop
* Acoustic agglomeration

* Collision/coalescence —— ¢
* Ice-crystal process

\.

Our research question: Can we introduce acoustic agglomeration to enhance droplet growth across the size gap?

Grabowski, W. W. & Wang, L.-P. Growth of Cloud Droplets in a Turbulent Environment. Annu. Rev. Fluid Mech. 45, 293324 (2013) 23



Specific research objectives

* Develop an improved numerical method to solve SCE

* Study how acoustic agglomeration affects the growth of droplets and
drizzle / rain formation

* Use hybrid DNS code to study the collision kernels under the
combined action of gravity, acoustic waves, and turbulence

24



Part 4

An accurate and efficient algorithm for solving
the population balance equation

25



Description of particle growth due to collision/coalescence

* Population Balance Equation (PBE), Smoluchowski equation, Stochastic Collection Equation (SCE)

w — Jom/zn(m —m',t)n(m'v,t)K(m',m —m')dmj'
gain term
—joon(m,t)n(m',t)K(m,m')dm’

J0

J

'
loss term

* Lagrangian particle-based method

Correspond to different numerical schemes:

Population Balance (PB) modeling, which is on the macroscopic level.

Lagrangian particle-based numerical simulation approach, on the microscopic level.

Grabowski, W. W. et al. Modeling of Cloud Microphysics: Can We Do Better? Bull. Am. Meteorol. Soc. 100, 655—672 (2019)

Zhang G, Ma Z,et.al.. Experimental study on eliminating fire smokes using acoustic agglomeration technology. J Hazard Mater 2020 26



Numerical methods for solving SCE

Different numerical methods for solving Stochastic Collection Equation(SCE) have emerged:

Point-based methods; Spectral moment methods; Bin-based pair-interaction methods

Upstream Flux
Method
(UFM)
M(x;, t)
[Bott, 1998]

Linear Discrete
Method
(LDM)

N(x;,t), M(x;, t)

[Simmel, 2002]

RN

Wang, L.-P, Xue, Y. & Grabowski, W. W. A bin integral method for solving the kinetic collection equation. J. Comput. Phys. 226, 59-88 (2007).

27



Numerical methods for solving SCE

> Inittali =1andj =1

A

Consider the collision-coalescence events between i bin and j

bin (a given bin pair): i © j
v
Loss term: AM;, AM;
v

Gain term with flux method or linear discrete method:

t=t+ At
1 AMk, AMk+1, (Tle < TTli + 77_1] < Tl_’lk+1 or my, < m; + m; < mk+1)

v
Update the mass of bins i, j, k, k + 1,
to obtain M;, M;, M., My 1

False True

y

j=j+1




Issues in the numerical solutions of SCE

* The time derivative is solved using a first-order linear scheme.
* Negative value may appear when calculating the loss integrals.

* Conserving, Positive-Definite, and Unconditionally Stable Scheme 1s necessary.

. < j : The collision-coalescence events with i and j bins as source bins.

Assume only i < j occur, for Upstream Flux Method(UFM), we have

ag(yibt) Yj+i2 1 1

5 =) m—jg(yi,t)g(yjaf)K(y,-,yj)dy,- z—m—jg(wa)g(ypf)K(yw%)dy

og(vst) 1

And ot N_m.g(yjat)g(yiat)K(yjayi)dy

1

) 0g(v,5t) og(y.tym, og(y.1)
p— ! pu— ! Z .
ot ot m, ot b

1

Bott, A. A Flux Method for the Numerical Solution of the Stochastic Collection Equation. J. Atmospheric Sci. 55, 2284-2293 (1998).



Analytical pair-wise time integration method + UFM

Suppose g(y;, t) is continuous and differentiable, we have

z+¢8 .,' ¢t "r .
oot rat) =t )+ [ B g () [ 22D

1

g(yja n)"';]: - ag( )dt,:g<yjatn)+nnz_j|:g(yiatn +dt)_g(yi9tn)i|

| ot
Then “'
og(y,,t, +dt 1
D)Lyt + P, t) -5 ] K o o
:_K(y”y")dyg(yi,tn +dt)2—K(yl-,yj)dy{g(yj’t")—g(y"’t”)}g(wn +d)
m, m; "

initial: g(y,-,t :tn) = g(yiatn)

This is Bernoulli‘s differential equation: y'+ P(x)y = Q(x)y™,n = 2,3, , which have an
analytic solution.

30



Analytical pair-wise time integration method: details

For the sake of simplicity: g(y;, t,,) = g; and g(yj, tn) = g;. The solution is

g;m,—gm;

g(y,.t, +dt)=g,
g; .
g,m, exp[{f—’i’j]{(yi,yj)dydt}—gimj

I’I’lj ;

) gm,—gm;#0

. dt) = 1o m.—om.=0
g(yl’tn " t) giK(yiayi)dydt+mi , S T8

Gain term can be handled by the flux method (Detail in Bott, 1998), such as upstream flux
method (UFM) or linear flux method(LFM).
Then,

All collision-coalescence events can be accounted

We obtain a Mass Conserving, Positive-Definite, and Unconditionally Stable Scheme

Bott, A. A Flux Method for the Numerical Solution of the Stochastic Collection Equation. J. Atmospheric Sci. 55, 2284-2293 (1998).



Golovin Kernel

Kl.,j:K(i,j):b(xl.+xj) b=15m" kg_ls1
With initial condition
L

n(x,tzo):__zexp(_éj

X X

L=0.001kgm™, Xx=4/3n07°, ¥ =9.3um
The analytical solution

n(v,t) L L (1-7)e
p(n)= "2 L)~ LU
/

I, (2x2'1/2)

T=blLt, r=1-¢"

( j i;kvr( ;/j/)m) F(z)=] ¢ ea

A.M. Golovin, The solution of the coagulation equation for cloud droplets in a rising air current, Izv. Zkad. Nauk. SSSR Ser. Geofiz.5 (1963) 873.
Scott, W. T. Analytic Studies of Cloud Droplet Coalescence 1. J. Atmospheric Sci. 25, 54—65 (1968)



Numerical Result of Golovin Kernel

Mass grad

1

We have

_ 0l/s _
m, =2"m,s=2

g(y,t) =3x’n (x,t)

10°

10°

10-13

"\
Analytic \ \‘\\.
— —o— — dt1s-Analytic Pair-interaction \ )
———= dt1s-UFM B
- — — — — dt60s-Analytic Pair-interaction | A
— === dt60s-UFM I\
|
\ A\
| i\l
| - JI Il . I | Lo e I\ A\
10° 10" 107

t =2400s

0.001

0.0008

0.0002

= Analytic
| — —o— — dt1s-Analytic Pair-interaction
—————— dt1s-UFM
i — — — — dt60s-Analytic Pair-interaction
— ———— dt60s-UFM
/I ) n’«.

B A

A g‘-\é:f:i:%?‘d*t
10° 10" 107

r
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Numerical Result of Golovin Kernel

= L1, _dt1s-Analytic Pair-interaction
- L1, _dt1s-UFM
L1 error for droplet 012 L L1, _dt60s-Analytic Pair-interaction
number and mass is i L1,,_dt60s-UFM
lNgrid R 01 —
Ly =7 > M -M, I
0.08 -
= i
-
J -
0.06 -
0.04 |-
0.02 -
O | I 1 I l | I | I l I 1 | 1 I I 1 I
0 1000 2000 3000



Analytical pair-wise time integration method + LDM

The appeal 1dea can also be applied with Simmel’s Linear Discrete Method(LDM)
For i kd j

oM (itio>j) _ON(ibtior)) o N(i,t;i <> j)N,;(j.t:i < J)
i ) J 2%

ot ot
aMO(j,att;iej) _ 5N(Ja;;tie>f') ~—K, N(it;i &> j)N, (jotsi <> )
oM’ (i,;;ﬂ—)j) _ 8M(i,;;;’<—>j) ~—K, M(i,t;i & J)N(j.t;i <> j)
aMl(j,;t;iej) _ 8M(j,;;ti<—>j) K, N(i,tsi & J)M (J.t3i <> j)

For simplicity of writing, omit i & j

35
Simmel, M., Trautmann, T. & Tetzlaff, G. Numerical solution of the stochastic collection equation— .... Atmospheric Res. 61, 135—148 (2002)



Analytical pair-wise time integration method + LDM

We have ON(j,t) ON(i,t)
o0 ot
N(jut, +dt)=N(jt, )+ [ aN(j’t,)a’t’zN(j,t [ L) 4y
" o Ot o Ot

=N(j.t,)+| N(i,t, +dt)=N(i,z,)]
It's physical, and then

ON (i,t, +dt)
ot
=K, [N(it,)-N(j.t,)|N(i,t, +dt) =K, N (i,t, +dt)

~—K, N(i,t, + dt)(N(j,tn )+ N (irt, +dt)= N (i.t, )])

initial: N(i,t=¢,)=N(i,t,)

This is Bernoulli's differential equation, which have an analytic solution.

dy
= Tr®y = g(®)y”

36



Analytical pair-wise time integration method + LDM

The solution is

N(i,t, )| N(j.t,)-N(it,)]
N(j,tn)exp(Ki’j [N(j,tn)—N(i,tn)](t—tn))—N(i,tn)
N(it,)
N(it,)K,  (t—t,)+1

N(i,t)=

S N(it,) A(ig). N(it,)# N (i)

N(i,t)~ i=jorN(it,)=N(Jj.t,)

For M(i,t;i < j) , use the appellate relationship, we have

aM(‘]’;;tl < J) z—Kl-,jN(i,t;i<—>j)M(j,t;i<—>j)
N(it N (7.t )=N(i.t
:—Kz,]M(]at,l(_)]) (l n)|: (] n) (l n)]

N(j,tn)exp(Ki,j [N(j,l‘n)—N(i,tn)](t—tn))—N(i,tn)
initial: M(i,t = tn) =M(i, tn)

This equation also has analytical solutions

37



Analytical pair-wise time integration method + LDM

Finally, For i & j, we get
N (i,t,+dt)= N (i,t,)-A(i, ) N(J,t,+dt)=N(j,t,) - A(Jj,i)

M (i,t,+dt)=M(i,t,)-A(i,)) M (j,t,+dt)=M(j,t,)-A(j,i)
Where
N (ist, ) N (ot ) =N (i, ) |
N(j.t,)exp(K, ;[ N(j.t,)=N(i.t,)]dt)-N(irt,)

1
1+ K, N(it,)dt

N(ivt,)# N(Jt,)
A(i,j):<

N (it,)=N(j.t,)

Then, all collision-coalescence events can be accounted

M M
dDNierj

i=l j=i
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Numerical results for the Golovin kernel

Mass grad
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Numerical results for the Golovin Kernel

L1 error for droplet number and mass is

1 Ngrid » 1 Ngrid .
Lly=—2> IN.=N, L, =— > |M,-M,
L 1 1
0 i
- -~ 10" -
B —— L1,_dt1s-Analytic Pair-interaction < =
—— L1,_dt1s-LDM 7 _ B
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Summary and conclusions - Part 4

* By treating the collision-coalescence loss outcomes for each bin pair analytically
In sequence, we create a conserving, positive-definite, and efficient scheme for

solving stochastic collection equation(SCE).

* The proposed treatment can be applied to many traditional schemes of the gain

outcome treatments, such as flux method (FM) and Linear Discrete Method
(LDM).

* The improved scheme 1s comparable to the original explicit scheme in efficiency,

but has better stability and accuracy when the time step 1s large.
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Part 5

A simple study of effect of sound waves on growth of cloud
droplets

42



Collision kernel due to orthokinetic particle interaction

We set the collision kernel of Orthokinetic is Orthokinetic = Hydrodynamic Interactions
or _ 0 N
Kij = 5reﬁ1150r72'(al + az) U {/\ Yor W /
Where

< n
<«

B B B : o) —si ;o acoustic wave
u, =u,, —u, |=u,lsing cos(wrt—¢,)-sing, cos(wt—g,

u,o|r,~7 |

\/1+ a)r \/1+

cos(a)t—(oi —(Dj) = MU, ‘cos(a)t—qoi _¢j)

ui2(m/s)

_ 2

uij = l.juo — 0.4/

0.3r
And &.5;y 18 the refilling factor, €¢, is the collision

efficient of Orthokinetic interaction. 02}

—— Stokes_Or

0.1} Oseen_Or

sl
500 1000 5000 1x 10* 5x10Mx10% ' s
Hoffmann, T. L. An extended kernel for acoustic agglomeration simulation based on the acoustic wake effect. J. Aerosol Sci. (1997)

Tiwary, R. & Reethof, G. Hydrodynamic interaction of spherical aerosol particles in a high intensity acoustic field. J. Sound Vib. (1986)
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Collision kernel due to the acoustic wake effect

Assuming the mean distance between the droplet pairs 1s

u12(m/s)

We set the collision kernel of hydrodynamic

. . . 0.04¢
Interactions 18

0.02;
Hy __
Kij =&

7

2
eﬁzngy”(Rl T Rz) U

v, =N VY 3, N 1s number concentration 0.08|
0.06

-

0001 x 107

5x10* x 10°

2 — Hy 3u0
’”gwm@w”(Rf+Ri)<

T, ?ﬂro v

o v

v

~
L P1 P2

1 6v 1 Yu,

2
3u,

TR TF, A

> _(Rz +R1)__2E(R2212 +R1211)_ml112 (11% _%Zz)(Rz _Rl)

J
' ' 4

P3 P4 P5

FoF FREIERI 5 R TG IIR CRABAHIGIZ. (LA, 2012)

3
s = (R, #RL)+ 2 ((R,) + (R

3\

Vo
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The combined kernel

Assume

+ K

Or,ij

K,=K;,+K

Hy,ij

2 2 _ 2 _
=EG cou (gGﬂ-(Rl + Rz) |”i - uj| + gHy,reﬁllgHyﬂ.(Rl + Rz) Up i T gOr,reﬁllgOrﬂ.(Rl + Rz) uOr,ij)

gHy,reﬁll gHy = gOr,reﬁll gOr = 1
EG cour> € Deal with Onishi and Takahashi, 2012

Initial distribution
n(D,t=0)=N,D" exp(-AD")

Where LWC is initial liquid water content, N, is initial number concentration, D is the mode size of initial
distribution, we have

—, 2
LWC:”pzNo:ﬂpzNoD , ﬂ':__3’N(;:3/1NO
64 4 D

Like Liu, 1995, setv =2,u =3

Liu, Y, Laiguang, Y., Weinong, Y. & Feng, L. On the size distribution of cloud droplets. Atmospheric Res. 35, 201-216 (1995)
Onishi, R. & Takahashi, K. A Warm-Bin—Cold-Bulk Hybrid Cloud Microphysical Model. J. Atmospheric Sci. 69, 1474—1497 (2012)
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Bin grid convergence

Mass grid
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The effect of different kernel choices

LWC=20gem>,D =122 um
SPL =122 dB,a =340 ms™
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The effect of different kernel choices

LWC=725gcem™>,D=2.87 um
SPL=129.8dB,a=340ms"
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LWC=20gem™,D=12.2 um
SPL =122 dB,a =340 ms™
30s,60s,90s
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The effect of sound pressure level

LWC=20gcm™,D=16 um,a =340 ms',30s

SPL dB 80 90 100 110 120 130 140 150
Opti freq, V10 205 200 200 180 150 90 30 20
Ratio V10 0.005412 0.01035 0.02647 0.08203 0.2463 0.8283 3.7417 8.4452
Opti freq, V50 140 140 140 120 100 50 30 20
Ratio V50 0.009142 0.01511 0.03404 0.09614 0.3206 1.3192 5.2771 9.1727

200 |E 710 10 B s 134 ///;///;

- o8 i | D~287 um N\ 32\\:,/ 132 é?

150__ _:100 —E 6 :_ -100W 8130 ./:/.

g [ ‘ ' 20 B osv| S L
H > Zaf Zhang et al., 2021 % 128
=100 |- 1. = ' ) 200 H 300 H
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: i , 124} » . —+— 600 Hz——700 Hz
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— | rvsul 1 " Figure 5. Effect of frequency on droplet growth ratio at applied

C L | - L Ll L
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SPL(dB) lasting time of 30 s, initial mass concentration of 72.5 g m~>.

Zhang, M. et al. Experimental study on coalescence of fog droplets ... J. Phys. Appl. Phys. (2021)



The effect of the initial droplet size distribution

SPL =122 dB,a =340 ms™',60s

D =10 ym
LWC g/cm3 1 5 10 20 30 40 50
Opti freq, V10 490 380 290 180 110 90 100
Ratio V10 0.0466 0.2369 0.4829 1.0726 2.011 7.4595 21.7209
Opti freq, V50 330 250 180 110 90 100 90
Ratio V50 0.0519 0.2948 0.6716 1.5508 3.8827 15.776 29.8365
LWC=20gcm™
D um 3 5 10 12 15 20 25
Opti freq, V10 550 350 180 140 100 60 30
Ratio V10 3.6963 2.3274 1.0726 0.8817 0.7237 0.7243 1.2031
Opti freq, V50 390 230 110 80 60 40 20
Ratio V50 4.4474 2.9065 1.5508 1.3489 1.2748 2.5071 4.1266
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The effect of the initial droplet size distribution
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The Time and Length Scales of Sound Wave Compared to Turbulence in Clouds

Under the standard atmospheric condition: T=25 °C, p = 1.182 kg - m~3,¢c = 343m/s

Drms = % = [Ipc = \[Iyx10G1L/10) pc = [10-12x10(IL/10) . 1,182 - 343 = 2.01x10™5 x10(7L/20)

For typical turbulence in the atmosphere, we have
Urms~1m/s, L ~100m, £€~0.01 m?/s3

SIL(dB) I(W -m™2) Prms(Pa) |[Frequency f(Hz)  Length scale(m) Time Scale (s)
Air (PrmsUrms) 1 L ~100 T~ ” ~100s
- - ~ - ~ rms
turbulence 1 n~0.001 Tx~0.04 s
~10-5
Cloud _ _ _ ap~10 7,~0.001 s
droplets a, KA
0 1x10~12 20x107° 10 A~30 0.1
sound 80 1x10~* 0.2 100 A~3 0.01
150 1x103 636 1000 A~0.3 0.001

(1) The acoustic forcing can cause large pressure fluctuations compared to turbulence fluctuations.
(2) The acoustic forcing can interact with turbulent fluctuations
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Summary and conclusions — Part 5

* Intense sound-wave field can promote relative motion and agglomeration among cloud
droplets, and the effect of acoustic agglomeration depends on SPL.

* By numerically solving the stochastic coalescence equation, we investigated the
optimal frequency of acoustic agglomeration, in the presence of gravitational and
sound-wave 1nduced collision-coalescence, for different initial size distributions of
cloud droplets.

* Qualitative result:

1. Sound waves can promote the growth of small cloud droplets to the size range for which gravitational coagulation
becomes effective.

2. The optimal frequency decreases with the increasing duration of the applied sound wave and the increasing SPL of
the sound wave.

3. The optimal frequency decreases with the increase of the initial liquid water content and the initial mode size, but
the effect of acoustic agglomeration is not monotonous with the increase of the initial mode size.
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